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THE USE OF TECHNICAL TERMS 
AND MATHEMATICS 


E very science introduces many special concepts of 
its own, and inevitably introduces also special 
names, or technical terms to describe these new 
concepts. This is not done for the sake of making the 
science respectable by clothing it in a jargon in- 
comprehensible to the layman, but for the more 
sensible reason that it allows the exposition to be 
concise and avoids the tedious circumlocutions which 
would otherwise be necessary. In this book on mag- 
netism many technical terms are introduced for just 
this reason and, once explained, they are used quite 
freely without any repetition of the definition. It is 
important to bear in mind the precise meaning of all 
such technical terms ; to help in this direction every 
new technical term is italicized at the place where it 
first appears or is first discussed, and at the end of the 
book all these definitions are collected together in a 
glossary (which also serves as an index) with references 
to the places at which they first appear. 

Some readers may wonder why mathematical symbols 
and formulae have been introduced in what is intended 
to be a book for the layman. One reason is similar 
to that for introducing technical terms : just as a 
technical term is a concise way of expressing a com- 
plicated idea, so the mathematical symbol is a kind of 
shorthand for a technical term. Once this shorthand 
is adopted (and it is not difficult to grasp, since the 
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explanation of every symbol is often repeated) it is 
possible to combine symbols into simple formulae, 
and such formulae often summarize important physical 
results more elegantly and compactly than any des- 
cription in words can do. 

Another reason is that the use of symbols and 
formulae makes possible the estimation of how big the 
various thing s we shall talk about really are. A 
knowledge of the orders of magnitude of these quantities 
is a great help in understanding whiiJ^t they mean, and 
the best way of appreciating such orders of magnitude 
is to calculate them. Sometimes the appropriate 
calculation is difl&cult, and then we have to be content 
with saying “ it turns out that,” without any detailed 
explanation. Often, however (and especially if com- 
plicating details are i^ored), the calculation involves 
no more than the simplest operations of algebra : 
multiphcation, division, addition and subtraction. In 
such cases the simple mathematics adds conviction 
to a result which would otherwise have to be taken 
on trust, and it is also useful in giving some insight into 
the way physics can predict quantitative results. 

The mathematics used in this book is rarely more 
complicated than simple algebra and arithmetic, but 
in the chapter dealing with the earth’s magnetism, a 
little trigonometry is very helpful in explaining how this 
magnetism varies over the earth’s surface and trigo- 
nometry is also sometimes introduced in footnotes to 
amplify the simplified treatment of the text. No 
attempt is made to work out any formulae involving 
trigonometry, but some results involving sines, cosines 
and tangents of angles are quoted and used without 
proof. For those who have forgotten their trigo- 
nometry the appended diagram may be useful as a 
reminder, and a diagram is also added to illuslrate 
the meaning of -tt, a symbol which will often come into 
the calculations. 
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Fig. 1.— simple trigonometry : 

cos 6 = bjc 

= sin eicosd = alb 

m scale of drawing the triangle does not 
matter since only ratios are involved in the 
definitions. 


.2}Tr—^ 



the ratio of the circumference 
to Ae diameter (2r) of the circle. Any circle 
will do since the ratio does not depend on thi 
size Numeri^lly, ^ is about 3 -1^ Note 
too, that the area of the circle is irr®. 




Chapter One 


WHAT MAGNETISM IS ABOUT 

VERY child has at one time or another played with 
' a magnet and been fascinated by its mysterious 
ways. It IS almost uncanny to feel the repulsion 
between the like poles of two strong magnets, or to 
see a magnet lift a piece of iron many times its own 
weight, u these effects are fascinating, even in this 
age of radio and aeroplanes, when all sorts of mech- 
anicd wonders are accepted as commonplace, how 
much more fascinating must they not have appeared 
Tv shepherd Magnes who first discovered, more 
than 2,500 years ago, that a rock of the naturally 
occurnng magnet, lodestone, had a strong attraction 
for his iron crook?* It is not surprising that all sorts 
of ma^cal quahties have been attributed to the lode- 
stone though the ages. Some of these superstitions 
are still vaguely believed in to this day, and it may be 
as well before getting down to the question of what 
ma^eUsm is about, to point out what it is not about. 

Sir Thomas Browne, a 17th century philosopher, 
made an interesting collection of “ vulgar errors ” 
current in his time, and among them magnetic super- 
stitions are well to the fore. A surprising variety of 
curative and other properties were attributed to the 
lodestone ; for instance, “ half a dram of lodestone 
given with honey and water proves a purgative medicine 
and evacuateth gross humours.” Since the lodesto ne 

discovep^ of magnetism (and of the 
.Lucretius says that the name owes its origin 
to the country Magnesia m which the lodestone was first discovert. 
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attracted iron, it was believed that it could draw pain 
out of the body and was recommened as an amulet 
for headaches. Wounds made with a weapon which 
had been magnetized by a lodestone caused no pain 
(though other authorities held that such wounds failed 
to h^). The lodestone could cure gout, dropsy and 
hernias, and was even “ a medicine of venereal attrac- 
tion.” Some held that lodestone was a poison, but 
against th^ “ the King of ZeUan hath all his meat 
served up in dishes of loadstone and conceives thereby 
he preserveth the vigour of his youth.” More recently 
the psychological phenomena of hypnotism and 
telepathy (if it exists) have been vaguely associated with 
magnetism foUowmg Mesmer, who built up a whole 
theory of this kind. The expression “ a magnetic 
personality” has gained currency, and is sometimes 
fought to have more than a figurative meaning, as 
if some magnetic quality emanated from one person 
to another. Muddled thinking led also to the idea 
that magnets were not subject to the ordinary laws of 
nature. For instance, it was said that “ if unto ten 
ounces of loadstone one of iron be added, it increaseth 
not unto eleven but weighs ten ounces still ” and it 
was believed that lodestones attracted only by night. 

The currency of such legends was due to the absence 
of a scientific attitude and to an uncritical behef in 
hypotheses based on false analo^es without resort to 
the criterion of simple experiment. Browne was 
himself one of the early advocates of a more scientific 
approach and himself disproved by direct experiment 
sorne of the legends he quotes, though he, too, often 
preferred to discuss them on a purely metaphysical 
plane. The fact of the matter is that magnetism has 
no known direct effect on biological or psychological 
processes. Neither has it any magical effects, however 
disappomtag it may be to reject such superstitions as 
one quoted by Browne that a wife’s infidelity may be 
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discovered by putting a magnet under her pillow, 
which magically prevents her from staying in bed 
with her husband. 

What then is magnetism about? Until about a 
century ago knowledge of magnetism was limi ted to 
the behaviour of permanent magnets — ^what we now 
call magnetostatics. It was known that a permanent 
magnet behaved as if it had two poles, and that like 
poles of two different magnets repelled each other 
while unlike poles attracted each other. If a piece 
of ordinal iron (or of any other “ ferromagnetic ” 
such as nickel or cobalt) was brought near to a per- 
manent magnet, it became temporarfiy a magnet itself. 
This induced magnetism was however nearly completely 
lost ag^ on removal from the permanent magnet. 
If more intimate contact was made by rubbing the iron 
against the permanent magnet, only part of the induced 
magnetism was lost on removal, and the iron remained 
itself a permanent magnet (usually only a weak one) 
indefinitely. 

It was known too that a freely pivoted magnet (e.g. 
a compass needle) always set itself with its poles 
pointing north and south. This was for a long time 
thought to be an independent fact until William Gilbert, 
in the 17th century, following up some early experi- 
ments of Peter Peregrinus in the 13th century, showed 
that it was really a special case of the action of one 
magnet on another. The earth was in fact a large 
permanent magnet with its magnetic poles approxi- 
mately at the geographical poles (the points in which 
the earth’s axis of rotation meets its surface). The 
properties of the earth as a magnet were important 
for the first practical application of magnetism — ^the 
use of the compass for navigation. Although the use 
of the mariners’ compass was known some 1,000 years 
ago — ^it seems to have come from China by way of 
Arab seamen trading with the west — ^this application 
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developed until the rapid development 

taSSL teb««- 

a/? ;?“ Gilbert’s fundamental work Tntit* 

Michell and Coulomb in the 18th century Sscov^Sd 
quantitative law of attraction aS reSsS^» 
be^^n poles— the famous “ inverse square^ law/' 
Poisson, Gauss and other 19th-century scien^ts 
formulat^ all these results into an elegant mathematics^ 
theoiy which enabled the effects of Iny Stuo 
pr^isely calculated. The science of mStosSticS 

diere was no theory as to 
the real nature of magnetism. ^ 

1 ?pened up by Oersted’s discovery is 

produced magnetic effits- 
^pere soon rfterwards formulated this result very 

?S^nt^UwT® carrying an electric 

^^^.®q^valent magnet, and 
made the further discovery that a moving 
electricity. The mathematicid 

by Cleric 

as tlip led to far-reaching consequences, sucli 

of Se explanation 

th^thM?v®^f tiJi T classical theory, 

Ss electromagnetic field as it is usually 

wasmaTe^sp^^^^®^'., magnetism 

between by-product of electncity— an interactio n 

bS^fp? ^ charges in motion ; 

*» b« ^plained. W were the 
ma^W? induced and permanent 

widelv difFerpnt^^ did ^erent substances have sucla 
Se properties? Some, such as 

mLent ™ ‘^P^We of becoming per- 

°*i, ^ strong hfduced 

, while others could not apparently be 



WHAT MAGNETISM IS ABOUT 9 

magnetized at all. A great step forward was made by 
Faraday who showed that the last statement was not 
strictly true. He found that all substances could 
acquire a feeble induced magnetism of an amount 
characteristic of the particular substance and usually 
many thousands of times less than the amount character- 
istic of ferromagnetics, but only the ferromagnetics 
could retain any permanent magnetism. 

Even before Faraday’s discovery, Ampere had made 
a bold attempt to explain the magnetic properties of 
matter. Since electric circuits were equivalent to 
magnets, perhaps the magnetism of matter was due 
to electric currents circulating in the atoms of which 
the matter is made. This suggestion could not, how- 
ever, be taken up seriously for nearly a century, since 
nothing was known in Ampere’s time about the pro- 
perties of atoms ; only speculation was possible. 
Further development had to await the fundamental 
discoveries of recent times regarding the structure of 
matter. It was only with the growth of the atomic 
theory of matter, followed by the work of J. J. Thomson, 
Rutherford and Bohr on the structure of atoms them- 
selves, that a real theory emerged. The turning point 
was in 1905 when Langevin produced a theory which 
explained a great deal of the data on magnetic properties 
of substances which had been amassed since Faraday’s 
time, particularly by Pierre Curie. Since then there 
has been steady progress and although many obscure 
points of detail still remain, it can be said that in 
principle the magnetic properties of matter are now 
fairly well understood. Ampere’s suggestion proved 
right in principle. Different substances have different 
kinds of atoms, and moreover these atoms may be 
linked in a variety of ways according as the substance 
is gas, liquid or solid, so it is not surprising that there 
is a corresponding variety of magnetic properties. 

A rather surprising aspect of the modern atomic 
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mterpretation is the very special position of 
lerromagnetisni. It turns out that ferro magn eti c s 
CM occur only in very special circumstances of atomic 
structure ; that is why in fact only so few substances 
Me fenomagnetic. Indeed, in a way, it is rather a 
nuke toat ferromagnetics occur at all. Thus althou^ 
mese ferromagnetics were the only magnetic substances 
known until a cen^ry ago, and although they are of 
immense practical importance, they will not feature as 
prominently as might be expected in a logical develop- 
men^t of the general theory of magnetism. In fact 
tneu: properties can be understood only after the feeble 
magnetism of ordinary substances has been explained : 
^ order which reverses the historical order of the 
basic discoveries. 


Magnetism occupies an important place in science. 
On me one hand the study of the interactions between 
eiectncity and magnetism— the theory of the electro- 
ma^etic field ^has led to a clear understanding of a 
wnole range of phenomena in electricity and optics, 
wmcn can now be explained in terms of very few basic 
prmciples. On the other hand the elucidation of the 
inagnetic properties of matter in terms of atomic 
s^cture has been a valuable aid in the development 
ot atomic ^eory. We shall see later that it has 

magnetic properties which 
ave t^en the l^d, and pointed the way to a better 
understanding of atomic structure. 

This, however, is by no means the whole importance 
sdence. The modem scientist re- 
^ of techmcal devices for his experiments, 
^ ^Portant part as a tool. 
imtrimcA applications of magnetism are of 

mumMe service, not only to science, but even more so 
o modern ^hnology, and a surprising number of 

eveiyday life Ire based on 
some aspect or other of magnetism. These range from 
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the dynamo, the electric motor, the telephone and other 
electrical equipment to such recent developments as 
the degaussing of ships to safeguard them against 
magnetic mines, radar and even the atomic bomb, 
all of which have played their part in winning the war. 

We have seen that in the purely academic sphere, the 
importance of magnetism has been two-fold, the theory 
of the electromagnetic field (the “field” aspect) and the 
“properties of matter” aspect both playing their parts. 
This duplicity is reflected in the practical applications too, 
though usually in any particular application both aspects 
appear together. Almost every device involves the “field” 
aspect in its general principles ; thus, for instance, the 
electric motor depends on the principle that a magnet 
exerts a force on an electric current. The “properties of 
matter” aspect is however equally involved in order 
that the utilization of the principle should be as efficient 
as possible; thus the electric motor will be efficient and 
powerful only if the most suitable magnetic materials 
have been chosen in its construction. Usually it is only 
ferromagnetic materials, whose properties are involved, 
but occasionally even the feebly magnetic substances 
are required, as for instance in the recently developed 
method of achieving super-low temperatures, which has 
opened up a whole new field of scientific investigation. 

In this brief survey of the whole subject we have 
followed the historical order of the developments, 
and have given some indication of their general scientific 
and practical importance. For the more detailed 
treatment of the subsequent chapters it will, however, 
be more satisfactory to develop the subject in a logical 
rather than a historical order, starting from the electro- 
magnetic field, then going on to the magnetic properties 
of matter, and finally to the scientific and practical 
applications. This introduction will have served its 
purpose if it has whetted the reader’s curiosity ; we 
hope he will find his curiosity satisfied in what follows. 



Chapter Two 


ELECTRICITY AND MAGNETISM: 

THE TWIN SCIENCES 

1. Magnetic poles and the inverse square law 

T he force which one magnet exerts on another 
provides a convenient starting point for a detailed 
study of magnetism, just as it did for the general 
survey of the last chapter. The first fact which comes 
out of simple experiments is that the force seems to 
emanate mostly from the two ends of the one magnet 
and is exerted mostly on the two ends of the other 
magnet ; the ends are called the poles of the magnet. 
The two poles of a magnet are equally strong but have 
opposite effects : if one of them is brought up to a 
particifiax pole of the other magnet it produces an 
attractive force, while the other produces an equal 
repulsive force. 

If the experiments are extended by introducing 
several more magnets it can be easily shown that like 
poles always repel each other, while imUke poles attract 
each oAer (the likeness ’’ of poles can be identified 
by their likeness ” of behaviour when brought up 
to a particular pole of one of the magnets). It is 
wnvenient to have a convention for labelling the two 
Idnds of poles which occur, and for this purpose use 
^ made of the fact that the earth is itself a magnet with 
its poles roughly at the geographical poles. If a 
ma^et is freely suspended or pivoted it swings round 
till it jmmts north and south, on account of the attrac- 
tion of the earth’s poles for the unlike poles of the 
magnet. The convention usually adopted is to call 

12 
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the pole which points north, the north pole, and the 
pole which points south, the south pole, but it should 
be noticed that this is not entirely logical, since, of 
course, it implies that the geographical north pole 
is the south magnetic pole of the earth. 

How large is the force between two poles? The 
experimental solution of this problem is complicated 
by the fact that a pole never exists in isolation, for 
there is always an opposite pole of equal strength at 
the other end of the magnet. If, for instance, we 
measure the force between two magnets, we must 
remember that it is made up of four forces between 
the pairs of poles. Fortunately the force between 
two poles falls off rapidly as they get further apart, 
so the complication can be reduced by experimen ting 
with long magnets in which the poles are far apart. 
If then, two particular poles are brought relatively 
close together, most of the force between the magnets 
will come from the force between these particular 
poles since the other two are too far off to have much 
effect. Experiments of this kind were first made by 
John Michell in 1750, and he discovered that the law 
of force is a very simple one : as the poles are 
approached, the force, whether repulsive or attractive, 
increases inversely as the square of the distance between 
them. If, for instance, in bringing up one pole of a 
magnetized knitting needle to within 1 cm. of the like 
pole of another magnetized knitting needle, we found 
a repulsive force of 9 dynes*, then the force for a 3 cm. 
separation would be 1 dyne. This inverse square law 
is often called Coulomb's law, since Coulomb discovered 
it independently in 1785, unaware that he had been 
anticipated by Michell. 

The force between the two poles depends not only 

* The dyne is the unit or force used in tlie metric system (the cm., 
gm., sec. or C.G.S. system, as it is technically called) and it is roughly 
equal to the force of gravity acting on 1 milligram. 




MAGNETISM 

on their distance apart, but is also proportional to the 
strengths of the two poles. How is the pole strength 
of a magnet measured? Evidently, a logical unit of 
pole strength is one which exerts unit force (1 dyne 
m the C.G.S. system) on an equal pole, unit distance 
(1 cm.) away. If a pole exerts twice as much force 
in a particular position on some other pole, as a unit 
pole would do in the same conditions, we say its pole 
strength is 2. The pole strength of a powerful bar 
magnet of say 1 cm. diameter might be 300 unit 
poles, while the knitting needle of our previous example, 
bemg much thinner, might have a pole strength of only 
3 unit poles (this was the figure assumed in the example). 
The inverse square law can be stated more completely 
as an equahty : the force between two poles is equal to 
the product of the two pole strengths divided by the 
square of their distance apart. The definition of a 
umt pole is important not only in providing the basis 
Tt magnetic units of measurement, but as we 
shall see later is involved in many familiar electrical 
umts such as the ampere^ volt and so on. 

2. Magnetic field 

Wten the physicist has to deal with a new phenome- 
non, he often has recourse to the idea of di field. For 
mstance, he speaks of a gravitational field, an electric 
neia or a ma^etic field and he finds this concept very 
useM m clarifying his ideas and formulating a quan- 
titative theory. Just as a field of grass is a region where 
^^s grows and a field of battle is a place where 
noting goes on, so the physicist’s field describes the 
existence of some physical effect in the region con- 
^med. More precisely it is a measure of how strongly 
the effect occurs at any particular place. When we 
say that there is a magnetic field in the region round a 
magnet, we mea^n simply that the magnet has an action 
on a small probe magnet (such as a compass needle) 
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placed anywhere in the region, and the size of the field 
measures the strength of this action. 

The simplest method of characterizing the strength 
of magnetic action ” is in terms of the force on a 
smgle pole, for the action on a magnet can then be 
Imt up from the forces on the separate poles. We 
fterefore define the magnetic field at any place as the 
torce that would be exerted on a single xmit north 
pole placed there and it should be noticed that this 
defimtion involves not only a magnitude but also a 
direction — ^the direction in which the force acts. The 
unit of field-strength is called a gauss in honour of the 
scientist, C. F. Gauss, who contributed a great 
to the subject ; it is the field strength 1 cm. away from 
a umt pole. To give some idea of orders of magnitude 
we may mention that the magnetic field of the earth 
m London is about 0-6 gauss, while the field close to 
the end of a strong permanent magnet* may be as high 
as 5,000 gauss, and with electromagnets, fields as high 
as 300,000 gauss have been produced. 

Once the field at any place is known, both as regards 
strength and direction, the mechanical effect on a 
rnagnrt placed there can easily be deduced by summing 
the effects on its separate poles. It is no longer 
necessary to know how the field is produced, and we 
can speak directly of the action of the field on the 
magnet instead of having to refer back to the magnet 
or system of magnets which produce the field. Suppose 
we hold a small bar magnet in a magnetic field in such 
a way that the field direction does not lie along the 
magnet (fig. 3a) ; the two poles then have equal but 
opposite forces acting on them which are not in line. 
In the language of mechanics, a couple acts on the 


** “V®*-* s®®”* the field could be made infini te 
t to one pole, but this is not so because actualiy 

concentrated in a point but is spread ovot m 
Hnt ‘•t? ”"''8“®*- . It can be shown that ae field w 

close to such a spread out pole is 47r x pole strength per unit are^ 
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ma^et tends to twist it. If the magnet is released 
so that xt turn freely it will twist round Si it 

cowle' iust^^ the twisting 

Si if? <JisaPPears. In other words, a magnet 
which IS fr^ly suspended or pivoted comes to ^st 

whv a Section. In explaining 



LINES 
OF 

FORCE 
^SHOWING^ ^ 
jDlRECTIOW 
OF 
FIELD 





(a) When a magnet is at 
an ^ angle to a mag- 
netic field, equal and 
opposite forces act on 
its poles and produce a 
twisting couple. 


Fig. 3. 

(6) The magnet has now 
turned till the forces 
come into fine, when it 
points along the field ; 
it now has zero couple 
acting on it. 


P^?.P®^ of a compass needle to point in tb.e 

magneti^field ^ of representing dae 

magneuc held m a pictonal manner. If we move tfies 

SXch ^ollov^g the direction 

SfeS ^ and with 

^erent startmg pomts we can trace out as manv 

aJrSways^^o^^o?th^®w directions 

Se SS Poiat they pass, 

of the maanetic P'^ovide a Imd of map 

round a bar maffnet • of the lines of force 

magnet is shown in fig. 4 a mue-Ti 

picture of the same diagram can be^ obtained evln 
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more simply by sprinkling iron filings round the 
magnet (see plate I a) . Each filing becomes magnetized 
and acts like a little compass needle ; if the table is 
tapped so that friction is momentarily eliminated, the 
filings are able to turn into the field direction and 
biuld up chains with each other which follow the lines 
of force. 



Fig. 4. — The lines of force of a bar magnet ; 
a compass needle sets itself along the line of 
force passing through it. 


If we examine fig. 4, we notice that near the poles 
the lines of force crowd together, while far away from 
the poles the lines are more spread out. This suggests 
that our “ map ” can be made to yield more than 
information about field direction, and indeed it turns 
out that the crowding or the “ density ” of the lines 
of force gives a measure of the field strength. This is 
best illustrated by considering a rather simpler case, 
the lines of force due to a single north pole. If our 
“ probe ” pole is placed anywhere in the neighbourhood 
of the first pole it is repelled along the line joining them, 
so the field direction must be everywhere radial and the 
lines of force must be straight lines radiating out from 



magnetism 

Je &st pole like the spokes of a wheel (fig. 5). Actually 
f uJ- radiate out not merely in the plane 

ot the magratn but in all directions and a pin cushion 
would be a more appropriate description. Imagine a 



Fig. 5. ^The lines of force of a single N pole. 



Fig. 6. The same as fig. 5 but with twice as 
rn^y Im^ drawn ; the magnetic field is not 
cnanged by mcreasing the number of lines 
drawn. 


®®“tr®’ tlien it is easy 
the liies crossing unit area of 

as the <!miar^% crowdmg ” of the lines) decreases 
woS! it ^^® or in other 

Twise 1^® strength. This 

Z^t Z the pole, and none 

are lost on the way, so the number crossing the sphere 
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is the s^e whatever the radius, while the area of the 
sphere increases as the square of its ratos. We saw 
just now that we can draw as many lines of force as 
we please, and it may seem confusing that in spite of 
this we speak of density of lines of forces. Actually 
what we really mean is relative density, for even if, as 
in fig. 6, we draw twice as many lines as in fig 5 the 
relation between the densities at different plans’ are 
not affected, so our argument does not depend on how 
many lines we choose to draw. 

What happens if we put one magnetic field on top 
of another? If for instance there are two magnets 
instead of one, we can think of the field at any place 
as made up of out of the field of each magnet acting 
separately. Thus if we put a “ probe ” unit pole at 
this point there will be two forces acting on it. The 
two forces can be combined into a single resultant 
by me rules of mechanics ; the method of combination 
IS the parallelogram of forces illustrated in fig. 7 and 
me resultant force then gives the combined field of 
the two magnets. In a precisely similar way the 



FIELD 2 


Fig- 7.— The parallelogram of forces, showing 
how to combine fields in different directions. 

Each arrow represents the magnitude and 
direction of the appropriate field. 

lines of force of fig. 4 could have been constructed by 
coinbining the lines of force of two opposite , poles 
fifi- 8. This method of combining forces 
or fields is important enough to have a special name, 
and It is called vectorial addition. It is carried out 
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not by just adding the field strengths 
but by taking their directions into 
explained in fig. 7. 


as m 


account also 

as 



^ ^ magnet 

full hues, as in fig. 4) can be constructed 
by combining the lines offeree of the separate 
]^les (the broken straight lines, as in fig. S) 
The combmation is done with the paraltelo- 
gram of forces (fig. 7). 


^ mentioned before leaving 
3-^ ™s is the concept of I 

form field. A uniform field is one which has the 

r?f f fd direction at ail places kSe rl|ion 
fiiiHe an idealization, since in pr^tice 

fields are never e^ctly uniform everywhere, but oftS 

^ that is to aU totents aS 

f^ o?s^SfTfi i°7®^ ^ The lines of 

rce of such a field axe very simple, just a series of 
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parallel straight lines, as shown in fig. 9, and an 
example of a uniform field in practice is the earth’ 
field. Since the earth’s field runs from south to north, 



Fig. 9.— The lines of force of a uniform field 
are parallel, straight, equally spaced lines. 



Fig. 10. — Over a small region (the circle, 
shown enlarged at the side) the field is very 
nearly uniform, even though the field is 
appreciably non-uniform over a larger region. 


fi speaking, it is only the horizontal component of the earth’s 

held Winch runs from south to north. We shall see later (jp. 136) that 
tne earth s field has a vertical component too. 


CO « 



22 


MAGNETISM 


the linM of force will be as parallel as the Unes nf 
longitude are. Provided we do not consider too 
a region, the earth’s field is very nearly uniform* 
if however, we consider a very large region, for instance’ 
the whole earA, then the lines are no longer na35’ 
and field is no longer uniform. For that^matter 
any field can be considered as uniform if we limit 
ourselves to a small enough region, since inside such 
a sm^ region the lines of force are always neailv 
parallel (see fig. 10). That is why we spSke 
sin^ probe magnet, for we meant a magnet so 
small that the field could be considered as uniform 
^ in explaining the use of a compass 

ne^e for plottmg lines of force we assumed that the 
field was the same at both poles of the compass needle. 

3. Dipoles and Shells 

K we multiply the pole strength of a magnet by the 
distance between the poles (i.e. by the length of the 
magneQ we get a quantity called the moment of the 
magnet. At a distance from the magnet, large com- 
pared with Its length, it turns out that the magnetic 

moment and the distance 
would be pro- 
length were halved and the pole 
fSS doubled. If the magnet length is reduced 
md^tely and the pole strength increased in pro- 
moment constant, so that the field 
what is called a dipole. In 
clinrt ^ ^ the ipole is the limiting case of a very 
^ort magnet of finite moment, a£d for practice 

SISu? ^ ^ ^ j^st a short magnet, 

otliPT H' the length much smaller than any 

SeJjT®" force of a 

thediaffram ^ should expect, 

of fig f ^ some snmlaiity to that for the magnet 
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Instead of thinking of a magnet as made up of two 
poles separated by a distance, we can equally well 
think of it as built up of a large number of dipoles. 



Fig. 11. — ^The lines of force of a magnetic 
dipole. 

For instance, fig. 12 shows how a bar magnet can be 
considered as built up of a large number of smaller 
magnets packed end to end in rows with opposite 
poles touching each other. The effects of all the north 
poles in the interior of the large magnet are exactly 
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Fig. 12 . — A bar magnet may be thought of as 
built up of many smaller magnets. 




24 


MAGNETISM 


Mncelled by south poles which adjoin them and 
me net eff^t k due only to the poles at the two ends. 
It we think of every magnet as built up of dipoles in 
mis way, it becomes obvious why, when a magnet is 
cu up mto pieces, each separate piece remains a 
^gnet with opposite poles. The total moment of 
the whole ma^et divided by the volume of the magnet 
can be thought of as the dipole moment per unit 
VO ume— the sum of all the dipole moments contained 
volunie of the large magnet. This dipole 
moment per unit volume will subsequently be very 
mportant, and it is called the intensity of magnet- 
ization of Ae magnet or sometimes more briefly the 
It may at first sight seem unneces- 
I omphcated to replace the two poles of a magnet 
of dipoles, but actually the poles 
fiction rather than a reality, 

k ^ The dipole picture 

K nmer to r^ty, and we shall see later that each atom 

^ like a dipole. Even 

soon f ^ li®’ ^e ®kall see 

dinoTp. electac current circuit behaves like a 

that rnnW o ^ the cuculating currents in the atoms 
there k nn behave like a dipole. Fortunately 

ful not to ^ white Ues, so long as we are care- 

tul not to beheve them too literally 

i® called a 
understanding 

the dinSes en^?^^ electeicity. Instead of laying 
mcVed^f ^ m a bar magnet, imagine 

toSher ^Si like pSes 

shS ^fifn^f ^ ^ ®^®®t of dipolS as 
sheet is callM^o plane), and this 
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only on the shape of the rim of the shell, and is pro- 
portional to the dipole moment per unit area of the 



Fig. 13. A magnetic shell may be pictured 
as made up of many short magnets side bv 
side. 

shell, or the strength of the shell as it is called. The 
field is the same for any shell of the same strength 
which has the same rim (as for instance the two shells 
of fig. 14). This idea may be a little difficult to grasp 




Fig. 14. — The magnetic field of a shell of 
given strength depends only on the shape of 
its rim ; the two shells illustrate would have 
the same fields. 


at first, but a visual help is to think of the shell as a 
saucer with many little magnets studded through it 
in holes drilie through the saucer. The field of the 
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sa^r will then be the same as that of any other 
surtax, such as a pudding bowl or a flat plate, which 
+ jj j ^ number of magtipt s 

smdded through it per unit area. The lines of force 
01 a magnetic shell are shown in fig. 15. A property 
of magn^c shells that we shall need later is that if a 
umt north pole is taken along a line of force starting 
ttom one face (the south pole face) and finishing at 
the other, the work that has to be done is 4^ times the 
shell strength. 



Fig. 15. The tines of force of a magnetic shell. 


4. TTie magnetic effects of electricity 

electricity can boast an ancestry as 

familiiirtdtwP*^^*^’ ^though the Greeks were 
little wnen-M Static electricity produced by friction, 
tiwlv^^^nf 7^® ma^m this science until compara- 

two kinds of electric 
b^ve’v?^ which in many ways 

showed tW to magnetic poles. Coulomb 

othS^Sf ® charges exert a force on each 
other which, just as m the case of magnetic poles, 

to due 

to the present ^mt! ^us distinction is not relevant 
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follows an inverse square law, and the concept of 
electric field as the force on a unit charge was also 
developed. An essential difference, however, is that 
positive or negative electric charges, unhke magnetic 
poles, can be separated and, moreover, may flow along 
metallic wires in the form of an electric current. With 
the discovery by Volta in 1800 of the electric pile, 
a forerunner of the modem electric battery, a con- 
venient source of continuous electric current became 
available (previously only momentary currents could 
be produced when static electricity was “ discharged ”) 
and all sorts of new experiments became possible. 

Oersted in Denmark had the idea that there might 
be some effect of electricity on magnets, but however 
inconceivable it is to-day that anyone looking for the 
effect could have missed it, it took Oersted twelve years 
of investigation to find the first effect in 1820. He has 
been described as “ a man of genius, but a very unhappy 
experimenter ” and it was largely by accident that he 
made the discovery at all. What he found was that a 
magnetic compass needle was deflected in the neigh- 
bourhood of a wire carrying an electric current — ^tlie 
wire behaved in fact like a magnet. 

The quantitative development of this discovery was 
left to others, mostly the Frenchmen Biot and Savart 
and Ampere. By 1825, Ampere was able to give a 
comprehensive account of the whole phenomenon in a 
memoir which Maxwell has described as “ perfect in 
form and unassailable in accuracy.” Basically he 
showed that the current flowing in a circuit is equivalent 
in its magnetic effects to a magnetic shell which has 
the circuit as its rim and which has a strength pro- 
portional to the current. This simple formulation 
contains all the experimental results and permits the 
prediction of the magnetic field of any circuit we please. 
For instance, fig. 16 shows the lines of force that would 
result if an electric current flowed round a circular wire; 
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i” fig. 15. He 

related to the seni arrows) is 

corkscrew rule • the^'illo current flows by the 
asdoesthepomtofI^^tc?^°^®f. same way 

^ the sense^f tSSiStSw.''^'^ “ 
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same as those of the sheU L 

o&oron*^^^ alOBg a line 
otter the wor™don?i. *iT®”'“'l'‘=“ baektoS 
and so an equivalent form nf the shell strength 
SFfc done I tSl ^ tha?1he 

wluch interlaces the®cui^Sfr^° F^^^d a closed path 
^though the M contenf ™ >< 

be appreciated withom malnf ^P®re’s law cannot 

"gat “ m 

go™ in a long 

p“p'n- 
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dxcular to the wire are as shown in fig. 17 Thev are 
circles having the wire as centre, as wf might guess bv 

Z and we S, Skte 

the field along any particular line of force by Sg a 



ig- 17. The lines of force round a straieht 
wire carrying a current (flowing into fhe 
paper) are circles. The equivalent shell is 
shown on the right. 


r^rthrS«%trSr~ 

H^Oilr. The equivale„r rg^ .Uf :!“*“?• 

'’y fte current 

Mil of wire. ^We“L?dreaVstom^ta‘fig°"Vtte 
“f fotfc duf to a single lirn of w re ml Md 
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^anieter (fig. 18) it is usually called a solenoid. 
toae the solenoid the lines of force are very s imilar 
uf ^ magnet ; inside, the lines become 
, and evenly spaced. We see in fact that inside 
the field is “uniform” in the sense 
P- .^0. If again we move a unit pole 
unA force follo\^rag it through the solenoid 

right round outside till it comes back to the start. 



^ solenoid 

resemble those of a bar magnet (fig. 4). The 
heavy lines show the wire coil carrying a 
current ; m practice the turns would-be 
spaced much more closely. 


^ the solenoid for 

Z ^ >== from 

me spreadmg of the hnes of force. Anoroximarelv 

mce MiraBSl?' X number of turns, 

» - wlSre ^ is^l? ZSTZ 



ELECTRICITY AND MAGNETISM: TWIN SCIENCES 31 

solenoid length, and i the current. Actually this is a 
very good approximation if the length is several timM 
the diameter. For a given density of winding (turns 
per unit length) the field does not depend on the length 
or diameter of the coil. The solenoid provides the 
simplest means of producing a fairly large uniform 
magnetic field over a large volume without the use of 
permanent magnets, and it is in fact the simplest case 
of an electromagnet. We shall see later that much 
greater fields can be produced with special arrangements 
in which the solenoid is wound on an iron core. 

Another case is if the single turn of fig. 16 becomes 
small in area ; this is important later in developing 
the atomic theory of magnetism. If the area of the 
circuit is small, the equivalent magnetic shell becomes 
small too and may be treated as if it were just a singlft 
dipole. Thus the field of such a small electric circuit 
is the same as that shown in fig. 11. The moment of 
the equivalent dipole is just current x circuit area, 
since the shell strength is equal to the current and shell 
strength is defined as dipole moment per unit area. 

All the above results were deduced from Ampere’s 
picture of an equivalent magnetic shell, but they can 
be derived also from another formulation due to Biot 
and Savart, which, although entirely equivalent to 
Ampere’s formulation (one can be derived from the 
other), is for some purposes easier to deal with. Biot 
and Savart supposed the circuit to be broken up into 
small pieces — current elements as they are often called 
— and showed that each such element can be thought 
as producing a field given by current x length of ele- 
ment X sin d square of distance (see fig. 19). This 
field, however, does not have the direction of the fine 
joining the element to the point at which the field is 
being measured, as it would if we were concerned with 
the field of a pole, but is in a direction perpendicular 
to this line and perpendicular also to the element 
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(fig. 19). The total field due to the whole circuit at 
P in fig. 19 is the sum of all the fields contributed by 
the elements making up the circuit, added vectorially 
as explained in fig. 7. 



Fig. 19.— Illustrating how the magnetic field 
of a cunent can be thou^t of as the sum 
total of the fields due to each element of the 
circuit separately. The arrow shows the 
direction of the field produced by the par- 
ticular element marked / : if r is at an angle 6 
to /, the magnitude of this field is ihmdlr^. 


An easy example of how to apply this Biot-Savart 
method is the calculation of the field at the centre of a 
circular turn of wire calling a current. In this case 
each element of the wire contributes a field at the 
centre equal to current x length of element -i- square 
of radius, and aU the contributions have the same dir- 
ection perpendicular to the plane of the circular turn. 
Since aU the directions are the same the vectorial 
addition becomes just ordinary addition, and the total 
field at the centre becomes current x total length of 
the turn square of radius, or since the total length 
is the circumference which is equal to 2-n x radius, 
the field is 2ir x current radius ; in symbols, 
H = iTiijr. The previous exiamples and many others 
can be worked out in a similar way, but the calculation 
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is usually more complicated owing to the necessity of 
vectorial addition of the contributions from the various 
circuit elements. 

The Biot-Savart formulation paves the way for 
understanding another important aspect of the inter- 
action between electric currents and magnetic fields : 
^e fact that a inagnetic field exerts a mechanical 
force on an electric current. If we place a magnetic 
pole near an electric current circuit, the magnetic 
field of the current exerts a mechanical force on the 
pole, and so by Newton’s law of mechanics that action 
and reaction are equal and opposite, this must mean 
that tJie pole equally exerts an opposite force on the 
circuit. The force acting on the pole due to an element 
of the circuit (/ in fig. 19) is pole strength x current 
X element length -- square of distance (assuming 
for simplicity that 0=90^), and so this must be also 
the force acting on the element. Now pole strength 
square of distance is just the value of the field 
due to the pole at the position of the element, so we 
see that the mechanical force acting on the element 
due to the pole is field of pole x current x ele- 
ment length. The direction of this force is perpen- 
dicular both to the line joining the pole to the element 
and to the element direction. If there is a number of 
different poles present (combined to make some 
arrangement of magnets) their forces on the element 
must be added vectorially. The result depends on 
the direction of the total field produced by the arrange- 
ment of magnets : if this total field is perpendicular 
to the element, the mechanical force is given by total 
field x current x element length, and is perpendicular 
to the field and to the element, but if the total field 
is in the direction of the element, the mechanical force 
is zero*. Having obtained the force on an element, 

* In gener^ the resultant force is total field x current x element 
length X sine of angle between field and element directions. 
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the total force on the whole circuit is given by the 
vectorial sum of the forces on all its elements. It 
should be noticed that in calculating the force on an 
element, we need not take account of the magnetic 
fields of the other elements of the same circuit, for the 
forces due to these fields will always cancel out when 
the total force on the whole circuit is added up. Just 
as you cannot lift yourself up by your own hair, so 
^e current cannot exert any net force on itself, though 
it can of course produce internal stresses, just like the 
stresses produced in your body if you do try to lift 
yourself by your hair. 

Another way of looking at this mechanical force is 
to t hink of the current circuit as equivalent to a magnet 
(Ampere’s equivalent shell) and then the mechanical 
force exerted on it by other magnets becomes just the 
ordinary force between magnets. A simple example 
illustrates how both points of view lead to the same 
result. Consider a small rectangular current circuit 
placed in a uniform magnetic field parallel to its plane 
(fig. 20). By Ampbre’s law the circuit is equivalent 
to a dipole of moment given by current x area (as 
we saw on p. 31), and it wiU behave in the same way 



-^wm- 
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Fig. 20. A rectangular coil of wire carrying a current 
tends to twist in auniform magnetic field. Tire couple 
is given by iblH. The right-hand diagram is the view 
looking on the coil from above ; the shaded area is 
shown of exaggerated thickness and represents the 
equivalent magnet. 
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as a short magnet of this moment placed perpendicular 
to the plane of the circuit. Extending the argument 
of p. 15, it is easily s^n that the uniform field produces 
no net force on this equivalent magnet but only a 
coxiple given by moment x field, or current x area x 
field, tending to twist the coil. On the Biot-Savart 
formulation, we can think of the circuit as made up 
of four elements, namely its four sides. There are 
no forces on the two horizontal sides, since the current 
in them flows parallel to the field, while the forces 
on the two vertical sides are opposite (because the 
current flows up in one and down in the other) and 
each ^ual to current x length x field. These two 
opposing forces produce a twisting couple given by 
^ breadth, since the forces are separated by 
the breadth of the coil, so we find a couple given by 
current x area x field just as we did starting from 
Ampere’s law. 

The siinple example of a rectangular coil illustrates 
the principle of a galvanometer or ammeter used to 
measure electric currents for, by measuring the twisting 
couple on the coil, we have a measure of the current 
flowing in it. If the coil is between pivots, but restrained 
by a spiral spring it will twist until the couple is balanced 
by the restoring couple due to the elasticity of the 
spring. The twist can be measured by attaching a 
pointer to the coil and reading off the position 
« ij ® pointer. In practice the uniform 

field IS obtained by putting the coil between the poles 
of a horse-shoe permanent magnet, and the sensitivity 
of the instrument can be increased by using a coil of 
many turns wound on an iron core. 

Another important application based on the samp. 
general principle is the electric motor. In this case the 
rectangle (in practice a coil of many turns wound on 
an iron core to enhance the effect) is mounted so that 
it can turn freely. The couple then twists it until it 
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has turned through a right angle : at this stage the 
couple becomes zero since the opposing forces on the 
two vertical sides just come into line with each other. 
In order to keep the rotation going, some additional 
device must be used. For instance, if the direction of 
the current is reversed (by a device called a commutator) 
just as it gets to &e “ dead ” position, the coil will 
turn a little further by inertia and then a couple again 
acts on it ia the right direction to maintain the rotation. . 
If the current is reversed each time the coil gets into 
the position perpendicular to the field, the rotation 
continues indefinitely, and we have a motor driven by 
electricity. 



Fig. 21. — ^The coils in (a) wUl attract each 
other (currents flow in the same sense), those 
in (6) will repel each other (currents flow in 
opposite senses). 


The action of a magnetic field on an electric current 
is not limited to fields produced by magnets. The 
force is still produced even if the field is due to other 
electric circuits (which, as we have seen, are equivalent 
to magnets). For instance, if two coils are placed 
side by side (fig. 21) they exert a force on one another : 
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an attraction if the current flows in a similar sense in 
both coils, and a repulsion if the sense is opposite. 
This effect, too, can be used to measure electric currents 
as in Kelvin’s current balance, where the same current 
is made to flow through both coils, and the force is 
measured by an ordinary balance, but we mention it 
here for another reason. It suggests that the forces 
between magnets, the mysterious forces with which 
we started our account in Chaper 1, are really forces 
between current circuits in the atoms of the magnets. 

As we shall see in more detail in Chapter 4, the 
modem view is that there is perhaps no such thing as 
magnetism in itself ; it is in a sense a by-product of 
the electric currehts in the atoms of matter. Instead 
of speaking of an electric circuit as being equivalent 
to a magnet, we should really say that a magnet is 
equivalent to a combination of electric circuits, and 
its properties are just the properties of these electric 
circuits. Notice, however, that we have not really 
solved the mystery of why magnets attract and repel 
each other, we have merely reduced it to the same 
mystery as that of why electric circuits exert forces 
on each other. This is typical of the way science 
progresses : scientific theory advances by explaining 
one effect in terms of another. Each new advance 
reduces the number of phenomena which have to be 
regarded as basic experimental facts, but the residue 
of independent basic facts still remains unexplained. 
Scien^ will be complete when only a single basic prin- 
ciple is required to explain all phenomena in nature, 
but there is a long way to go before this goal is reached. 

5. The electrical effects of magnetism 

Ever since Oersted’s discovery it was a tempting 
idea that if electricity could produce magnetism, then 
perhaps also magnetism could be used to generate 
electricity. The right conditions for this reverse 
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process, electromagnetic induction as it is called, 
were discovered eleven years later by Michael Faraday, 
the experimental genius who started his career as a 
laboratory assistant and became one of the greatest 
scientists of the nineteenth century. He found that 
if a ma^et is moved near a wire circuit, or if a wire 
circuit is moved near a fixed magnet, an electric 
current appears in the circuit; the current is only 
momentary and stops when the motion stops. A series 
of clear-cut experiments in the course of only a few 
days enabled Faraday to formulate the basic features 
of the whole phenomenon. 

Faraday’s law was that the electromotive force 
(E.M.F. for short) which drives the induced current 
roimd the circuit is proportional to the rate of change 
of magnetic flux through the circuit with time. By 
magnetic flux is meant simply the magnetic field 
perpendicular to the plane of the circuit multiplied 
by the mea of the circuit, or in other words a quantity 
juoportional to the number of hues of force threading 
the circuit. The size of the current induced in the 
circuit depends on the electrical resistance of the 
circuit, and for the same E.M.F. it varies inversely 
^ the resistance ; it is for this reason that Faraday’s 
formulation was in terms of the driving E.M.F. rather 
than the current it drives, since the E.M.F. depends 
only on the rate of change of flux, while the current 
B resistance as well*. The sense of the 

EM.F. defends on the sense in which the flux is 
chmgmg ; it always acts in such a way that the current 
It drives^ round the circuit produces a magnetic field 
w^ch tnes to oppose the change of flux. For instance, 
if the flux IS decreasing, the induced current flows in such 
a sense as to try to prevent the decrease, by setting up a 


current depends also on what is known as the self 
of^ cucmt, and the strict formulation would become verv 
cumbersome if current rather than E.M.F. were used KSS 



ELECTRICITY AND MAGNETISM: TWIN SCIENCES 39 

field in the same direction as the field which is decreasing. 

An important example of how Faraday’s law works 
is if a coil (for instance the rectangular coil of fig. 20) 
IS rotated in a uniform magnetic field. As it rotates] 
the number of lines of force through the coil varies 
from a maximum when the plane of the coil is per- 
pendicular to the field, to zero when it is parallel to 
the field. This change of flux induces an E.M.F. in 
the coil which can be used to drive electric current in 
an outside circuit if the current is led out of the coil 
by slipping contacts (so that the rotation can be 
carried on without breaking electrical contact). This 
example illustrates the principle of the dynamo, a 
machine which transforms mechanical power into 

a b 
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Fig. 22.— The time variation of the flux through a 
coil rotating in magnetic field. The current pro- 
duced IS proportional to the rate of change of flux 
and so is zero at points like a where the flux is a 
maximum or a minimum and is largest at points like 
b where the flux is zero. 
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electricity. It is the means by which nearly all the 
electrical power used in industry and everyday life is 

^T^^rate of change of flux through the coil of a 
dynamo is not constant, and so it produces what is 
known as alternating current (A.C. for short). 
This is illustrated in fig. 22, which shows first how the 
flux through the coil varies with time, and then how 
the current produced, which is proportional to the 
rate of change of flux, varies with time. It will be 
seen that the current goes up and down and changes 
direction in a smooth and re^lar way ; the variation 
from one peak to the next is called a cycle (corres- 
ponding to one complete rotation of the dynamo coil), 
and the number of cycles per second is called the 
frequency. The current which is supplied by the electric 
light “ tnaiTis ” (wires which are connected to the coil 
ofa dynamo at an electric power station) usually has 
a frequency of 50 cycles per second in England, and 
60 cycles per second in the United States. The fact 
that the current is not continuous {direct current or 
D.C. for short) is not only not a disadvantage, 
but even an advantage, since many electrical devices 
can be constructed more simply if they are designed 
to work from A.C. rather than D.C. For instance, 
the motor of an electric clock is designed for A.C. 
and its accurate time-keeping depends on the constancy 
of the frequency, or ultimately on the constancy of the 
rotational speed of the dynamo which generates the 
current. If for any special purpose D.C. is required, 
it can easily be manufactured from A.C. by a device 
known as a rectifier, which lets the current flow only 
one way, and smoothes out the ripples of the A.C. 

6. Maxwell's synthesis of electricity and magnetism : 
“ electromagnetics ” 

With Faraday’s discovery of electromagnetic in- 
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duction, the basic facts about the electromagnetic 
field were all there ; it was left however to the physical 
intuition and matheniatical genius of Clerk Maxwell 
(who by a curious coincidence was born in 1831, the 
year of Faraday’s discovery) to realize their far reaching 
implications. He generalized the results to cover 
cases which had not yet been studied experimentally, 
and combined his generalizations into a neat math- 
ematical framework. 

First of all he introduced the idea of a displacement 
current, a current which flows even in a vacuum and is 
associated with a changing electric field. In our 
discussion of Ampere’s theory we always supposed 
that the electric current flow was continuous in an 
unbroken circuit, the current being the same in all parts 
of the circuit, but if we consider the flow of current 
when static electricity is discharged we have a rather 
diflerent case. If a charged electric condenser (for 
instance, two metal plates separated by an insulating 
gap, as in fig. 23) is discharged by a wire, ordinary 
electric current flows in the wire until the plates have 
lost their static charge. Maxwell showed that Ampere’s 
formulation was not logically complete unless the 
current in the wire was continued through the insulating 
gap as a displacement current, proportional to 
the rate of change of electric field in the gap. He 
assumed that the magnetic effects were due not only 
to the current in the wire but also to the displacement 
current, and more generally that there was always a 
magnetic field associated with a changing electric 
field. This suggestion was later verified by direct 
experiment when Rowland showed that a magnetic 
field was produced if a statically charged body was 
rapidly moved : the magnetic field was due to the 
rapidly changing electric field as the body moved by, 
and the stren^h of the magnetic field was just what 
Maxwell predicted. 
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DISPLACEMENT CURRENT 



ORDINARY CURRENT 

Fig. 23. — ^Altkou^ ordinary current stops 
at the plates of the discharging condenser, 
displacement current flows across the gap. 

His second generalization was of Faraday’s result. 
He suggested Siat an electromotive face was always 
induced by a changing magnetic field even if no wire 
was present along which a current could be driven. 
Thus, even in a vacuum, he pictured an electric field 
as being produced at every point where the magnetic 
field was changing. This idea too has been abundantly 
justified by experiment and we shall come across a 
dirwt application of it in the betatron (Chapter 7), 
an important tool in modem research, where a charged 
particle is accelerated by just such an electric field. 

With these two generalizations Maxwell was able to 
write down four fundamental equations which, in a 
comprised form, describe the inverse square law for 
magnetism (and the fact that isolated poles do not 
occur), the inverse square law for electric charges, the 
generalized Ampere’s law, and the generalized Faraday’s 
law. These four Maxwell equations essentially sum 
up the properties of the electromagnetic field, and with 
their aid, any problem in electricity and magnetism 
can in principle be solved. This theory does not 
explain the properties of matter as, for instance, the 
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various de^ees to which different kinds of matter can 
be magnetized. It accepts such facts without explan- 
ation and merely predicts their consequences. The 
properties of matter appear as parameters (that is to 
say constants describing these properties) in the 
equations, and it is left to the atomic theory to explain 
why these parameters have their particular values. 

Two of Maxwell’s equations involve a constant 
denoted by “c,” and to appreciate the consequences 
of the theory we must say a little about this constant. 
To explain what it means we must consider the units 
used in electrical measurements. Electric charges can 
be measured in units based on the inverse square law in 
electricity (the definition of these units is quite similar 
to that of the unit magnetic pole). . We can then 
measure electric current as the quantity of charge 
flowing past a given place per second, and we thus 
have what is called an electrostatic unit of current 
corresponding to the flow of one unit of charge per 
second. If these units of current are used, the constant 
of proportionality in Ampere’s law is denoted by 1/c, 
i.e., we can say the strength of the equivalent shell 
(measured in units based on the unit magnetic pole) 
is the current in electrostatic units divided by c. 

An alternative method of measuring current is in 
terms of electromagnetic mits, such that the constant 
of proportionality in Ampere’s law is made just unity. 
This defines the electromagnetic unit of current as 
one which would be equivalent to a unit magnetic 
shell if it flowed round a circuit, and it is these units 
of current we have used up to now. We see then that 
c is just the ratio of the two units : there are c electro- 
static units of current in one electromagnetic unit. 
Similarly it can be shown that there are c electro- 
magnetic units of electromotive force in one electro- 
static unit of electromotive force. If electromagnetic 
units of electromotive force are used, the constant of 
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proportionality in Faraday’s law becomes just unity, 
while if electrostatic units are used, the constant is 
again 1/c — ^the induced electromagnetic force is the 
rate of change of flux divided by c. 

The practical electrical units, with which we are 
familiar in everyday life, are based on the electro- 
magnetic system of units, though not identical with 
them. Thus the ampere (amp. for short) is one tenth 
of the electroma^etic unit of current and the volt is 
one hundred million electromagnetic units of electro- 
magnetic force. These sizes of units are convenient 
to avoid using unduly large or small numbers in deaUng 
with everyday electrical effects : the current taken by a 
strong electric lamp may be i amp., while that of an 
electric heater may be 5 or 10 amps., or again the 
electromotive force .of a torch battery may be 1 or 2 
volts, while that of the domestic mains is usually about 
200 volts. The quantity c can be measured and turns 
out to be very large, 30,000,000,000 (3 x 10^®) in the 
metric system, so we see that a unit of electrostatic 
current is very small indeed compared with ordinary 
currents measured in amperes. The electrostatic unit 
of electromotive force is, however, fairly large — ^it is 
equal to 300 volts. 

Maxwell’s four equations can be solved. If we are 
told that certain electric charges are present, and their 
positions and motions are specifled at all times, it is 
possible from the equations to predict what electric 
and magnetic fields will be produced at any place and 
at any time. This solution, which was worked out by 
Maxwell himself, has very remarkable properties, for 
it turns out that if an electric charge is accelerated it 
produces wave-tike electric and magnetic fields. If, 
for instance, a charge is oscillated over a small distance 
(carrying out a motion tike the end of a loaded spring), 
then at all surrounding points oscillating electric and 
magnetic fields are created. By such an oscillation 
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we mean that the field varies with time in the mannftr 
shown in fig. 24 (similar to the way in which an alter- 
nating current varies— fig. 22) ; the frequency of 
oscillation is the same as that of the oscillating charge. 



Fig. 24. — ^The curve shows how the field varies 
with time at one particular distance from a 
wireless transmitter. 


FIELD 



Fig. 25. — ^The full curve shows how the field 
varies with distance from the transmitter at 
one particular time, and the broken curve a 
short time later. It can be seen that the 
whole wave curve travels along. 

This is not all, however, for at any instant the field 
varies from point to point also in a wave-like manner 
(fig. 25). The net result is that we have a continuous 
wave of electric and magnetic field. The wavelength 
is the distance from peak to peak in fig. 25, and just as 
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ia the case of alternating currents, the frequency is 
the number of cycles per second in fig. 24. It is easy 
to show that the waves travel with a velocity given by 
frequency x wavelength, for after a time equal to on© 
cycle the whole wave of fig. 25 will have progresseci 
by just one wavelength. At large distances from th& 
osculating charge, the amplitudes of the electric and 
magnetic fields (i.e., the maximum values they attain.) 
are equal if these fields are measured in electrostatic 
and electromagnetic units respectively, and the two 
■fields are perpendicular to each other, and to tbc 
line joining the point in question to the oscillating 
charge. As we get further and further away from th.c 
oscillating charge source, the amplitude falls off 
inversely as the distance (this is not shown in fig. 25 
to avoid confusion). 

The^most remarkable thing about these waves is 
that their velocity on Maxwell’s theory turns out to be 
just “c,” i.e., 30,000,000,000 cm./sec, or 300,000 
l^./sec., and this is almost precisely the velocity of 
light as measured by optical means. To explain this 
coincidence MaxweU made the ingenious suggestion 
that light (which was already known to be a wave 
motion) consists of just such electromagnetic waves. 
He supposed that some sort of electrical disturbance 
in the atoms was responsible for the emission of tbe 
light waves from hot bodies, and although the mechu- 
anism of the actual emission has only been successfully 
explained by modem quantum theory in the hands of 
Bohr and his followers. Maxwell’s theory was able 
to correlate and explain a vast range of effects in optics - 
This electromagnetic theory of light, apart from some 
modifications introduced by quantum theory, still 
holds good to-day and is a remarkable example of hoNV 
apparently unrelated phenomena, such as electricity, 
inagnetism and optics, prove in fact to be merely 
different aspects of the same thing. 
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The light waves of optics are of very short wave- 
length, about five hundred-thousandths (5 x 10-®) of a 
centimetre, but much longer waves can be produced 
by using man-made electric oscillations. This was 
first achieved by Hertz, who combined both theoretical 
and experimental talents. It was Hertz who first 
worked out a solution of Maxwell’s equations, appro- 
priate to the particular example we have described 
above, and later he actually produced the waves on a 
laboratory scale, by utilizing the oscillations which 
occur when an electric condenser is discharged, thus 
laying the foundation of modern wireless transmission. 
The wavelengths used for this purpose are much longer 
than in the case of light— they range from some cm. 
for use in radar to some hundreds of metres for 
ordinary broadcasting, but the waves are of precisely 
the same nature as those which transmit light, and 
travel with the same velocity. The equivalent of the 
oscillating charge of our example is the aerial of the 
transmitter, and the oscillating electric and magnetic 
fields at a distance are made to induce currents in the 
receiving aerial, which enable the transmission to be 
detected. How it is possible to transmit speech and 
music by this method, and many other details, cannot 
be gone into here, but we hope enough has been said 
to give some hint of how wireless works, and to show 
that here again magnetism is deeply involved in what at 
first sight seems an unrelated subject. 

Although we have described Maxwell’s theory as the 
complete answer to all electromagnetic problems, we 
should mention in conclusion, that Einstein’s theory 
of relativity has actually gone a little further in knitting 
the basic facts somewhat closer together. In the 
relativity theory, the Maxwell equations can be rather 
more neatly expressed, so that they appear merely 
as four different aspects of one fundamental principle. 
Also certain problems which were not very satisfactorily 
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treated by Maxwell’s form of the theory find a more 
logical treatment in the relativity formulation. What 
still remains to be done as regards field theory 
is to coinbine this relativistic electrodynamics, as it is 
called, wiA quantum theory, and perhaps to find also 
a connection with gravitational effects. 



Chapter Three 


MAGNETISM AND MATTER 

1 . is meant by magnetic properties of matter? 

I F any substance is put in a magnetic field (that is 
to say, close to a magnet or a coil carrying an electric 
current), it becomes magnetized and itself behaves 
hke a magnet. The extent to which it becomes mag- 
netized, measured by its ma^etization (see p. 24) 
depends on various factors. First of all it depends on 
the strength of the magnetic field, usually getting 
stronger as the field increases, and, secondly, it depends 
on the kind of matter of which the substance is made. 
These are the main factors, but even for a given kind of 
matter in a given field, the magnetization may depend 
on the temperature, on the “ state ” of the ma tter 
(whether it is liquid, solid or gas) and on other cir- 
cumstances which need not concern us here. In this 
chapter we shall give a general description of how these 
various factors work, and how the magnetic properties 
of substances are measured, while the next chapter will 
deal with the atomic mechanism which causes these 
properties and what it is that makes different sub- 
stances have different magnetic properties. 

Before describing the variety of magnetic properties 
displayed by different substances, wc must first state a 
httle more precisely what is actually meant by these 
properties. Let us suppose that the substance con- 
cerned has the form of a long rod, and that this rod is 
placed in a uniform magnetic field whose lines of 
force run parallel to its length. The rod will then 
behave like a magnet, and, as explained on p. 24, the 
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moment of this magnet divided by its volume is called- 
the. intensity of ‘ magnetization, or magnetization for 
short, of the substance ; it is usually denoted by “ J.” 

For most substances magnetization is extremely 
feeble, and indeed quite special methods (see p. 64) 
are necessary to show that it exists at all, but for a 
few special substances like iron, it is very strong and 
^sy to demonstrate. If, for instance, a piece of iron 
is brou^t near a permanent magnet, it is attracted 
to the nearest pole, and this is due to just the effect we 
are describing ; ihe piece of iron becomes itself a 
magnet, and its nearest pole is attracted to the nearest 
pole of the permanent magnet (fig. 26). Again, if a 

N=^=S 

Fig. 26 . — A magnet (a) produces N and S 
poles in the iron rod (£>), the neighbouring 
unlike poles attract each other, and the iron 
is therefore attracted to the magnet. 


piece of iron (such as a pin) is allowed to stick to the 
pole of a permanent magnet, it will attract another 
pin, and in this way a whole chain of pins can be built 
up (fig. 27). This shows that each pin has become 
ma^etized in the field of the permanent magnet, and 
so is able to attract the next pin in the cbain 
The fact that matter can become magnetized causes a 
slight complication in the definition of a magnetic field. 
Previously, we measured a magnetic field at any point 
by the force which it exerted on a unit pole at the point 
concerned, but what happens if the point is inside a 
material substance? Evidently some kind of a hole 
must be made into which the measuring pole can be 
put, and it is here that the complication arises, for it 
turns out that the force depends on the shape of the 
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Fig. 27. — A magnet supporting a chain of 
pins. Each pin acquires poles, just as in 
fig. 26, and produces poles in the next lower 
pin. Note that in practice the poles get 
weaker going down the chain, so eventually 
the attraction becomes too weak to support 
the weight of an extra pin. 



Fig. 28 

A measuring pole in A measuring pole in this 
this long needle- disc cavity (a “pill box” 
shaped cavity is acted slot) is acted on by H and 
on only by H if the also by the additional field 
hole is long enough, 477 / of the poles induced on 
since then the N and the faces of the slot: thus 
S poles at the ends the total field here is 

have only a negligible 7/+47 t/'; this is called the 

effect. magnetic induction, B, 

The fields inside a magnetic material. 
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hole that is made. This is because the substance is 
magnetized, so that poles are created over the interior 
simace of the hole, and the field of these poles is 
added to the original magnetic field ; it is this additional 
field which depends on the shape of the hole. 

Fortoately there are two limiting kinds of hole which 
give simple results : either a long needle-shaped hole 
parallel to the applied field, or a thin disc-shaped hole 
perpendicular to the applied field (fig. 28). In the first 
case, the poles on the surface of the hole occur only at 
its ends, and if the hole is long enough, these poles pro- 
duce very little additional field at the middle of the hole, 
so that a measuring pole placed there measures only the 
external or magnetizing field. This is evidently the right 
kmd of hole to measure the magnetizing field, since the 
ma^etization of the substance does not alter the 
original field. In the second case, the induced north 
and south poles cover the two faces of the disc and 
produce an appreciable field at the centre of the hole. 
It ^n be shown that this additional contribution 
to the field is if / is the magnetization, and so the 
total force on a unit pole in this hole is H + Anl, if 
H IS the magnetizing field (the force on a unit pole in 
me needle-shaped hole). This field in a disc-shaped 
hole IS of considerable importance as we shall see 
later (p. 62) and is called the magnetic induction ; it 
IS generally denoted by 5. We thus have the relation : 

, . , - , H + AttI 

which slmws that the induction is a field which takes 
a^oimt both of the original magnetizing field (H) and 
the effect (AttI) of the magnetization, /, induced in the 


"^en we speak of the magnetic properties of a 
substance, what we really mean is the way in which the 
magnetizahon depends on the magnetizing field, or 
more bnefly, how I varies with H. In very many 
substances, it is found that I increases simply in direct 
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proportion to H, and in this case, the constant ratio 
of / to is called the magnetic susceptibility of the 
substance (usually denoted by «). It should be noticed 
that since I is magnetic moment per unit volume, this 
susceptibility is also per unit volume, and it is some- 
times called the volume susceptibility to emphasize 
this fact. If we divide k by the mass of unit volume 
(the density) in grams per cc. we get a susceptibility per 
unit mass, called the mass susceptibility, and similarly if 
we divide k by the number of atoms or molecules in unit 
volume, we get an atomic or molecular susceptibility. 
This concept will be useful in the next chapter where 
we shall be concerned with showing how the properties 
of single atoms and molecules cause the magnetic 
behaviour of the whole substance. An alternative way 
of describing magnetic properties (more useful for the 
applications, rather than the explanation of these 
properties) is to specify the ratio of .B to IT instead of 
I to H. This new ratio is called the permeability 
and is usually denoted by p. Since B — H+ 4nl, it 
follows if we divide by H that 

jii = 1 -|- 47rK. 

So we s^ that the permeability and susceptibility are 
simply related. If k is very small, as is true for feebly 
magnetic substances, then p is very little different from 

1, while if «: is very large, as it is for iron, then p is 
almost the same as 

2. Paramagnetics, diamagnetics and ferromagnetics 
Broadly speaking, materials can be classified into 

three groups as regards their magnetic properties. 
The great majority of substances are only very feebly 
magnetic, with a susceptibility k of only lO* or less. 
This small susceptibility may, however, be either 
positive or negative, and usually it is smaller (10-® or 
less) if it is negative. If it is positive, the substance is 
said to be paramagnetic and the induced magnetization 
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has the same direction as the field, while if it is negative, . 
the substance is said to be diamagnetic and the induced 
magnetization has a direction opposite to that of th© 
magnetizing field. In the case of diamagnetics it 
follows that the induction B is less (but only very slightly 
less) than the field while in the case of paramagnetics 

it is grater. These two kinds of behaviour are illus- 
trated in fig. 29, which shows the polarity of tha 
substance when magnetized by a bar magnet ; it is 
evident that the diamagnetic wiQ be repelled by tha 
magnet, while the paramagnetic will be attracted, 
though of course in both cases the force is extremely 
small owing to the feebleness of the induced magnet- 
ization. 


n==^s 

PARAMAGNETIC IS ATTRACTED 


Sc ^ 

DIAMAGNETIC IS REPELLED 


Fig. 29. — ^Dlustrating the difference between 
mamagnetic and paramagnetic behaviour. 
Note that the N and S poles induced in such 
materials are very much weaker than those in 
iron (as in fig. 26). 


minority of substances have a totally 
dffierent behaviour and form the third group of our 
c assification. These are the so-called ferromagnetics or 
uon-hke subs^ces : iron, nickel, cobalt, gadolinium, 
Md vmous ^oys or compounds usually containing one 
elements. Their characteristic is 
in very high positive magnetization 

maSr ™ ^ they are para- 

unusuafly high susceptibility. The 
susceptibihty depends very much on the purity and 
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mechanical state of the ferromagnetic, but is always 
of a quite different order magnitude from that of 
ordinary paramagnetic substances, being as high as 
100,000 for very pure and unstressed iron. 

TTiis high susceptibility is not, however, the only 
characteristic which distinguishes ferromagnetics from 
paramagnetics. For para- and diamagnetics, the 
magnetization increases in proportion to the field even 
for fields as high as 100,000 gauss, but for ferromagnetics 
the proportional increase occurs only for very low 
fields. When the field is increased beyond a certain 
value (depending on the particular ferromagnetic 
concerned, but usually only a few gauss or less) the 
magnetization increases more slowly and eventually 
ceases to increase altogether ; the ferromagnetic is 
then said to be saturated. This is illustrated in fig. 
30, where the magnetization I is plotted graphically 
against the magnetizing field H for typical materials; 
such diagrams are called magnetization curves. 

Since, for a ferromagnetic, / is no longer in a constant 
ratio to /fit is no longer sufficient to describe the mag- 
netic properties in terms of susceptibility, and the whole 
magnetization curve is needed to specify the properties. 
This is in contrast to the para- and diamagnetics, where 
the magnetization curves arc simply straight lines (apart 
from one or two exceptions which will be mentioned 
later), and the susceptibility, which determines the 
slope of the line, is sufficient specification of the 
magnetic properties. 

It is found that for a given ferromagnetic at a giyen 
temperature, the whole course of the rnagnetization 
curve depends very much on how the ferromagnetic 
has been made, but the intensity of niagnctizalion at 
saturation is always much the same for the same kind 
of substance. For instance, any piece of iron will 
have a saturation magnetization of about 1 ,600, or 1,700 
gauss, but the magneti 2 ation curve by which this 
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Fig. 30. — Magnetization curves of typical 
matenals ; 

(a) A paramagnetic with volume sus- 
ceptibility 2x 10-® ; 

(b) A diamagnetic with volume suscepti- 
bility —2x10-* ; ^ 

(c) A soft ferromagnetic with a mflyiTmiTn 
volume susceptibility of order 1,000 or 
more ; 

(d) A hard ferromagnetic with a TnaTtTmuri 
volume susceptibility of order 10. 

Note that in (c) and (d) the magnetization does 
not v^ proportionally to the field, and that 
m spite of the different initial behaviour the 
soft and hard materials both saturate at 
about the same magnetization if big enough 
fields are used (a bigger field is needed for (d) 
than for (c) ). 


saturation is r^ched will depend very much on the treat- 
ment the mon has had in manufacture. If it is very pure, 
^d has been very well annealed (very slowly cooled, 
trom the molten metal, to remove internal stresses 
would otherwise exist), the magnetization cnrvo 
^ nse ve^ s^pfy and saturation wiU be reached at 

imSiritiZ however, it contains 

mpTOties and hM been “quenched” (suddenly 

^ temperature) the initial suscep- 
tibihty be much lower (though still much more thin 
mat ol a typical paramagnetic) and much higher 
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fields are needed to saturate it (fig. 30d). In both 
cases, however, the saturation magneti 2 ation has much 
the same value — about 1,600 for iron. 

Another striking difference between ferromagnetics 
and other materials is that ferromagnetics exhibit 
hysteresis: if, after the field has been increased to some 
value, it is again reduced, the magnetization does not 
retrace the original curve. Fig. 31 illustrates typical 
hysteresis cycles in which the field is raised to saturate 
the ferromagnetic, then reduced to zero, then applied 
in the reverse direction until it again causes saturation 
in the new direction, then brought back again to zero, 
and finally again increased in the original direction. 
The amount of this hysteresis depends very much on 
the state of the ferroma^etic and is usually small for 
ma^etically soft materials which have a steep mag- 
netization curve and large for magnetically hard 
materials, which require large fields for saturation. The 
hysteresis is roughly specified by the remanence and 
the coercive force, which are indicated in fig. 31 : the 
remanence being the retained magnetization when the 
field is brought back to zero, and the coercive force 
the reverse field which has to be applied to bring the 
magnetization back to zero. It is found that as between 
different materials, the remanence varies rather less than 
the coercive force : the remanence is very roughly about 
half the saturation intensity for most materials, while 
the coercive force may vary from as little as 0*01 
gauss for a very soft material to as much as 1,000 gauss 
for a very hard material. 

These hysteresis effects are of immense technical 
importance since their magnitude decides whether or 
not the material is suitable for a particular technical 
appHcation. This question will be discussed in more 
detail in Chapter 5, but at this point it should be 
noticed that it is the remanence which makes possible 
the existence of permanent magnets. If in fact the 
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Fig. 31.— Typical hysteresis loops of a soft 
and a hard ferromagnetic material (the same 
materials as in fig 30 (c) and (d)). S represents 
the saturation magnetization which is much 
the same for both (though rather hi^ fields 
would be needed to reach it for the hard, 
material). The remanences (represented by 
Ri and Rg) are not very different for the soft 
and the hard materials, but the coercive force 
of the hard material (Cg) is very much greater 
than the coercive force of the soft material 
(C^. 


ferroma^etic retains magnetization without any mag- 
netizing as it does at remanence, it is a permanent 
magnet, and since every ferromagnetic shows hysteresis 
to some extent, it can always be made into a permanent 
magnet by first applying a magnetic field and then 

however, see later (p. 73) 
particular material as a permanent 
magMt depends even more on the coercive force than 
on the remanence, so that in practice only hard 
coercive force are of much use as 

permanent magnets. 

So far we have dealt with the variation of I with H 
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for different substances, and we must now consider 
how these properties depend on the temperature and 
on the state of aggregation (i.e., whether the substance 
is solid, liquid, or gaseous). Most diamagnetics and 
some paramagnetics have a susceptibility which varies 
very little with temperature over the whole range in 
which the substance retains its particular state of 
aggregation. Some paramagnetics, however, and 
notably certain chemical compounds, known as salts, 
have a susceptibility which varies inversely as the 
absolute temperature.* This law of temperature 
dependence was discovered by Pierre Curie, who, 
with his wife, Marie Curie, first studied radioactivity. 
He was the first after Faraday to make a systematic 
study of the magnetic properties of feebly magnetic 
substances, and the law is usually called after him. 
To illustrate Curie's law, consider the case of potassium 
chrome alum which is a typical paramagnetic salt. 
At 300°K (27'’C.) it has a susceptibility of 2-3 X 10-®, 
while at the extremely low temperature of l^K. 
(— 272°C.), which can be reached by cooling with 
liquid helium, its susceptibility is 7 X 10“®, or 300 
times greater. At such a low temperature, even a 
paramagnetic begins to show saturation in fields of a 
few thousand gauss. (This is one of the exceptions 
mentioned on p. 55 to the usual proportionality.) 
But its saturation magnetization is rather smaller than 
for iron (it is about 60 gauss for potassium chrome 
alum), and there are no hysteresis effects. 

In the case of ferromagnetics, the main effect of 
temperature change is to alter the saturation mag- 
netization. As the temperature is raised, the saturation 
decreases until at a certain temperature called the 


.* On the centigrade scale this is 273 plus the ordinary centigrade 
temperature. For instance, on a hot day (27''C., which is just over 
80°F.) the absolute temperature is 300" K. The K used to denote 
absolute temperature stands for Kelvin who first introduced it. 
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Cvrie point, it disappears altogether (fig. 32). Above 
this Curie poiut, which is at nearly 800 °C. for iron, 
the ferromagnetic becomes a paramagnetic, with a 
susceptibility which varies inversely, not as the absolute 



Fig. 32. — ^Variation of the saturation mag- 
netization (/) of iron with temperature. The 
saturation magnetization disappears at the 
Curie point (780°C.) and at higher tem- 
peratures the iron is paramagnetic. Note t^t 
there is no very great increase in saturation 
however much the temperature is lowered 
below room temperature (taken as 27°C.). 


temperature, but inversely as the temperature difference 
froin the Curie point. This result is often called the 
Curie-Weiss law in honour. of Curie, who first found it 
by experiment, and of another great French mag- 
netician, Pierre Weiss, who first explained it theoretically 
(see Chapter 4). 
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When the state of aggregation of a substance changes, 
as for instance, when a gas condenses and becomes 
liquid, its susceptibility may change for two reasons. 
First, the density of the substance changes (for instance, 
the density usually increases about a thousand times 
when a gas liquefies) and so a unit volume contains a 
diff erent number of molecules in the various possible 
states of aggregation. If the magnetization is an 
effect characteristic of the individual molecules, it is 
natural to expect that the susceptibility will be just 
proportional to the number of molecules per unit 
volume, and so it will change when the density changes 
with change of state. If this were the only effect, 
we should then expect to find the molecular sus- 
ceptibility constant even when the state changed. 

There is, however, another possible effect of change 
of state. This is if the susceptibility depends on the 
nature of the forces which hold the molecules of the 
substance together, as well as on the properties of the 
individual molecules. These interaction forces, as 
they are called, are weakened when a solid melts, and 
are even more weakened when a liquid evaporates into 
a gas, so if they play any role in determining the mag- 
netic properties, we should expect the molecular 
susceptibility to change when the state changed, while 
if they are irrelevant there would be no change. Both 
cases occur in practice : for instance, solid bismuth 
just before it melts has a susceptibility of —9 X 10-«, 
and this falls to —04 x 10-® when it is liquid, although 
there is little change of density. This is clearly a case 
where the susceptibility depends strongly on the nature 
of interaction forces between the bismuth atoms, and 
is greatly changed when these forces are modified by 
the melting of the bismuth. On the other hand, 
phosphorus when it melts changes its susceptibility 
almost exactly in proportion to its density, so we can 
conclude that its susceptibility is just the sum of the 
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effects of the separate phosporus atoms, and does not 
depend appreciably on their interactions. 

3. The importance of the magnetic properties of matter 

The two main laws connecting electricity and 
magnetism (see Chapter 2) become modified when 
account is taken of the magnetic properties of ma tter 
and these modifications can be turned to advantage 
if strongly magnetic matter (such as iron) is used in 
the ri^t way. It is, indeed, these modifications which 
make possible the practical realizations of such machines 
as the motor and the dynamo which would otherwise 
be little better than laboratory toys. 

We have already seen that a coil of wire carrying an 
electric current behaves like a magnet, but if the coil 
is wound on a core which has strong magnetic pro- 
perties, the equivalent magnet can be mad ft much 
stronger. In fact, the equivalent magnet is then m ade 
up of the equivalent magnet of the current circuit 
together with the induced magnetism of the core. If 
the core is ferromagnetic (so that / is much greater 
than H), then the extra effect due to the core becomes 
the major contribution and we can get a powerful 
ma^et without using a large electric current. This 
is the basis of the e^ancement of the power of an 
electric motor (by winding its coil on an iron core) 
and also of the production of large magnetic fields 
wth the expenditure of relatively little electric power. 
We may notice that if we have a coil, wound on a long 
iron rod "vnUi flat ends, the magnetic field just outside 
one end of ^e rod is made up of H due to the electric 
currenti^d the field due to the magnetization of the 
uon. T^ last contribution turns out to be just 
Jr/, so the total effect is H + which is just B, 

and may be many 
mes larger than F, the eff^t of the electric current 
the absence of iron» This is one example of the 
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practical importance of B, which may have seemed a 
little artificial when it was first introduced as the field 
in a disc-shaped cavity (p. 52). 

Another important application of the magnetic 
induction, B, is in connection with the modification of 
Faraday’s law brought about by the presence of 
material bodies. We saw in Chapter 2 that if the 
magnetic field was changing, an electromotive force 
was developed in a coil of wire, and this could drive 
an electric current round the wire if the circuit was 
closed. If the coil is wound on a core of magnetic 
material, this electromotive force is enhanced, for now 
the changing magnetic field causes also a changing 
magnetization of the core. It turns out that in such 
circumstances the electromotive force produced is 
proportional not to rate of change of magnetic field 
X coil area (as it would be without a core), but to rate 
of change of magnetic induction x coil area. Since 
in a ferromagnetic B is many times greater than H, 
this modification of Faraday’s law is very important. 
If, for instance, the coil of a dynamo is wound on an 
iron core it becomes much more effective as a source 
of electric energy. 

In Chapters 7 and 8 wc shall describe a number of 
other practical applications of magnetism, and we 
shall see that in nearly every case, these applications 
utilize the enhancement of magnetic effects brought 
a.bout by the use of magnetic material. Since, essen- 
tially, it is the difference between B and H which makes 
these enhancements worthwhile, it is evident that only 
ferromagnetic materials can play any serious role in 
technical applications. In para- and diamagnetics, 
the difference between B and II is so small compared 
with H itself, that such materials have practically no 
influence on the effects concerned. Why, then, have 
we bothered about para- and diamagnetics if they are 
of so little practical value? The answer to this question 
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provides a typical example of the way that science 
works. It turns out, as we shall see in the next chapter, 
that para- and diamagnetics, in spite of the feebleness 
of their magnetic properties, provide the clue to the 
whole mechanism of magnetism, and it would be 
impossible to understand the behaviour of the tech- 
nically important ferromagnetics without first explain- 
ing tile behaviour of para- and diamagnetics. In 
order to understand an effect ef practical importance, 
it is often necessary first to study some other effect 
which at first sight might seem to be of interest only 
to the academic scientist. 

4. How the magnetic properties of matter are measured 
So far, ^though we have said a good deal about the 
vmous kinds of magnetic properties characterizing 
different kinds of materials, we have given little 
indication of how these magnetic properties can be 
measured experimentally, except to mention that this 
is^ a more difiicult problem for the feeble para- and 
diamagnetics than it is for the strong ferromagnetics. 
One of the two basic methods of measurement is 
really a development of the simple demonstration, 
^eady described (p. 54) in which a mechanical force 
is observed between a magnetized material and the 
magnet which provides the ma^etizing field. If a 
rod of magnetic material is put in a magnetic field, it 
becomes magnetized (more or less strongly according 
to the nature of the material), and acquires opposite 
poles at its two ends. If the magnetic field is exactly 
equal at the two ends of the rod, the two opposite 
pies will be acted on by exactly equal and opposite 
forres which will just cancel each other, leaving no 

bvo forces act along the same 
me if the length of the rod is parallel to the field). If 
however, the field is not exactly uniform, the two 
opposite poles will be acted on by slightly unequal 
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forces and there will be a resultant mechanical force 
acting on the whole rod. This force will try to puU 
the rod in the direction in which the field gets stronger 
if the rod is paramagnetic, and in the opposite direction 
if the rod is diamagnetic ; if the force is measured, the 
susceptibility of the rod can be deduced. 

It can be easily shown that the size of the force is 
given by the magnetic moment of the rod x the rate 
at which the magnetizing field varies id space, so the 
magnetic moment of the rod is obtained by dividing 
the observed force by the rate of field change (the 
inhomogeneity of the field). It only remains to divide 
the magnetic moment by the volume of the rod and 
by the field H itself, and we have the susceptibility, k. 
How big is the force in practice? Let us consider a 
typical feebly magnetic material with k = Kh® ; a 
good laboratory electromagnet will easily give a field 
of 20,000 gauss, and in the region near the edges of its 
pole pieces this field will vary at a rate of 5,000 gauss 
per cm. So the force acting on unit volume (1 cc) 
of the specimen placed in this region will be 20,000 
X 5,000 X 10“® = 100 dynes, which is roughly 0*1 gm. 
weight. Actually it would not usually be practicable 
to use as large a volume as 1 cc, since Ae rate of 
change of field would not be very constant over such 
a large volume unless the electromagnet was enor- 
mously large, and in practice 0-1 cc wordd be the largest 
size of specimen which could be used, so that the force 
would be only 10 milligrams at most. To measure 
this accurately requires quite a sensitive balance, and 
much ingenuity has been used in devising compact 
and sensitive balances for this purpose. . 

The detailed arrangements depend very much on the 
circumstances of measurement, on what sort of magnet 
is available, on whether the measurement is to be at 
hi gh or at low temperatures and so on, but a 
experimental set-up is illustrated in plate V(i/). In this 
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case the pilose has been to measure susceptibilitv 
at the very low temperatures achieved by surrounZJ 
the specimen with liquid helium. The specimen nSd 
not be a long rod (this particular shape was mentioned 
only to staplify the «pIa„ation. but it it uot 
and m this set-up it is approximately spherical tit 
cannot be Men m plate Y{d) because it is hidden bv the 
magnet). The specimen is suspended from a special 

originally by Sucksmith 
m Bnstol, and the whole balance has to be isolated 
rom the outside air, which would otherwise solidifv 
m the cold part of the apparatus and make. measure- 
ments mipossible. The magnet illustrated is an 
ortoary core-free solenoid, because for special reasons 

required in this experi- 
ment, but usually an iron-cored electromagnet such 

as M shown m plate V(o), would be needed. ^ ’ 

The same prmciple could be used to measure the 
magnetization of ferromagnetics, for the forces to be 
®^ormously larger. IS we used a field 
mhomogeneity of 5,000 gauss 

Ld ^iiid already saturated, 

fjrpo « moment of 1,600 per cc. Thus the 

wekS^ Tt ^ ^ ^ kilograms (18 lb. 

^ common experience to have 
a st^ tool, such as a screw-driver or a pair of forcens 

SSftoTdf aciSSy 

hannSV tL ®l®ctromagnet, and if this 

happens, the unpact with which it hits the magnet 

Se to™ Sw ‘ool. la 

ment Of convenient for measure- 

01 the magnetic properties of ferromagnetics 
and an alternative prmciple is generally used. fiScllly 

supercondu^r^{»*n''?051°arH^'^-^® magnetic properties of a 

mnient, but ^Stial riiS only 

, uui essential, since high fields destroy superconductivity. 
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this makes use of the modification of Faraday’s law, 
when a coil is woimd on a core of the material in 
question, and an E.M.F. is induced in the coil by a 
changing magnetic field. 

One common experimental arrangement is to wind 
two coils on a ring of the material whose magnetic 
properties are to be studied. If, now, a measured current 
is switched on suddenly in one of the coils it produces a 
a sudden change of field H, in the ring, and an impulsive 
electromotive force is produced in the second coil, which 
is proportional to the change of magnetic induction, B, 
in the material of the ring. This impulsive electromotive 
force can be measured by coimecting the second coil 
to a galvanometer, which gives a sudden “kick.” 
From the size of the kick the change of B can be 
deduced. By making further sudden changes of 
current in the first coil and measuring the corresponding 
changes of B, the whole B-H curve (and hence the I-H 
curve, such as shown in fig. 31) can be drawn out. The 
same inethod could in principle be used for feebly 
magnetic materials, but even with the most sensitive 
instruments, the difference between B and H would be 
too small to measure accurately, so the method is in 
practice suitable only for strongly magnetic substances. 

The Faraday principle can be used in another way, 
which has certain advantages but which has not yet 
been fully developed to give its maximum possible 
sensitivity. Imagine a coil with very many turns 
placed in a uniform magnetic field H (say at the centre 
of a long solenoid — see fig. 33). If now a specimen 
which has a magnetic moment M in the field H is 
suddenly withdrawn from the centre of the coil (but 
always remaming in the field H), there will be a small 
change in the flux passing through the turns of the 
coil, and an impulsive electromotive force will be 
developed across the coil, proportional to M and to 
the number of tiuns in the coil. Just as in the previous 
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method, the effect of this electromotive force can be 
measured by the kick it gives to a sensitive galvan- 
ometer. One advantage of this method over the 
previous one is that it measures the magnetic moment 
directly, rather than changes of the magnetic moment 
(since the measurement does not require the magnetic 
moment to change but merely to be displaced). More- 



tn 


Fig, 33. — ^Electrical method of measuring 
magnetization, c is a coil of many turns of 
fine wire connected to a galvanometer by the 
wires g, and placed in a long solenoid s, 
which produces a magnetizing field H. The 
specimen^ is hung by a thread t inside c and 
when it is suddenly moved to .sp' a sudden 
deflection indicating the magnetic moment of 
sp is recorded by the galvanometer. 
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over, in the previous method it is always changes of 
B = H + 4itI which are measured, so that if / is small 
compared with H no increase of sensitivity will help 
in measuring I by itself, since the major effect will be 
due to H. This new method is, in fact, capable of a 
much greater sensitivity than the previous one and 
may ultimately become more sensitive and convenient 
than the force method. 

5. Demagnetization 

In various places we have spoken of a “ long rod ” 
of magnetic material in describing magnetic properties 
and the methods of measuring Ihem. This has been 
partly to make the treatment simpler, but also because 
in some cases, the long rod shape avoids difiRc nlt ie s 
due to an effect known as demagnetization. 

Let us return to the consideration of the force acting 
on a unit pole put inside a long needle-shaped cavity 
cut mto the specimen, but, mstead of a long rod 
specimen, let us suppose we have some other shape, 
say a sphere (fig. 34). The field in the cavity (the 
force on the unit pole) will now be due not only to 
the field which is apphed from outside, but also to 
the poles induced on the outside surfaces of the 
specimen. This last contribution, as can be easily 
seen from fig. 34, acts oppositely to the magnetizing 
field and calculation shows that for a sphere this 
“ back ” or demagnetizing field is hri. £f we call 
the applied field Ha (this is the field that would exist 
if the specimen were absent), the field m the cavity is 
H = Ha -hrI 

It is this cavity field which decides what magnetization 
I the specimen will acquire, and since we have seen 
that for a ferromagnetic / is usually much larger than 
H, we shall have approximately that fw/ is equal to Ha. 
In other words if the substance is strongly magnetic 
the magnetization of a sphere, produced by a given 
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Fig. 34.— When a sphere is placed in a 
magnetic field Ha the poles induced on its 
surface cause a back or demagnetizing field, 
which is sttJ, so that the field H measured in 
a long needle-shaped cavity is H=Ha—irrL 


applied field, is not appreciably determined by the 
magnetic properties, but is rougMy just 3/47r times the 
applied field. If the shape is not spherical, the factor 
jTT in the demagnetizing field must be replaced by 
some other factor, depending on the shape. This 
factor gets smaller as the shape becomes elongated 
in the field direction, and would vanish for an infinitely 
long rod. It is for this reason that we have chosen 
long rod shapes in our arguments, since for a sufficiently 
long thin rod the demagnetizing field is negligible. It 
is fairly obvious why the demagnetizing field vanishes 
for a long thin rod, for in this case the induced poles 
are at the ends of the rod, and are so far away from 
the cavity that they have little effect. If the specimen, 
however, becomes flattened to oppose a large surface 
area across the field, the factor increases above irr. 
Actually, it has its largest possible value (which is 4^) 
for a disc-shaped specimen with its plane perpendicular 
to the field. If the material in question is only feebly 



MAGNETISM AND MATTER 71 

magnetic, with /much smaller than H, it is evident that 
demagrietizing effects are of no importance, since H 
is practically identical with Ha, but with ferromagnetics 
the demagnetizing effect is all important. 

In measuring the magnetic properties of ferromag- 
netics, demagnetizing effects must always be eliminated, 
for to get at the basic properties of the material we 
must know how I varies with H, rather than with Ha. 
As already explained, the demagnetizing effect can be 
made small by using a long rod specimen, but a ring 
specimen with a field running round it is even more 
satisfactory, for there are no ends at aU in a ring on 
which poles can form and produce a demagnetizing 
field. In most measurements rings are in fact used, 
though in special cases long rods or flat bars can be 
used and a small demagnetizing correction appHed. 

Another example of the practical importance of 
demagnetization occurs when we wish to know the 
magnetic moment of some large mass of iron. During 
the war, for instance, it was often essential to estimate 
the magnetic moment induced in an iron bomb or a 
ship (also mostly iron) by the earth’s magnetic field 
(see Chapter 8). Such bodies have usually a shape 
which causes a large demagnetizing effect, and the 
magnetic moment therefore depends almost entirely 
on the shape of the iron, and hardly at all on the 
detailed magnetic properties of the iron. This enables 
the magnetic moment to be estimated without bothering 
about the quality of the material of which the bomb 
or the ship is made (provided always that it is a 
sufficiently strongly magnetic material). 

Demagnetization is also important in the design of 
permanent magnets. In a permanent ma^et there 
is no applied field at all, so the cavity field is just the 
demagnetizing field alone. Suppose, for instance, 
we had a bar magnet of length / with pole strength m. 
The demagnetizing field at its centre would be 2ffi/(i0^ 
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Fig. 35.— If a permanent magnet is made of 
the shape and size discussed in the text, its 
magnetization will depend very much on the 
properties of the material, owing to the de- 
magnetizing effect of its poles. The magneti- 
zation is given hy the intersection of the 
broken line, along which H=- \I, with the 
appropriate curve. Thus if the material a, 
with a high coercive force (565 gauss), is 
used, a much better magnet is produced than 
with material b which has a lower coercive 
force (85 gauss). Although the remanences 
are practically the same (about 950 gauss) the 
u magnet has a magnetization 800 gauss, while 
^ b magnet is 5 times weaker with 160 gauss. 
The a curve is typical of good modem alloy 
materials such as **Alcomax,” while the b curve 
IS that of tungsten steel, the best material 
available about 30 years ago. (See Chapter 5.) 
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or 8m//^. Its magnetic moment would be m/ and so 
its magnetization would be / = mjA if its area of 
cross-section was A, We can therefore write the 
demagnetizing field asSAI/P (notice that as we might 
expect, the demagnetizing field is smallest for a long 
thin magnet). Now let us suppose the material of the 
permanent magnet has a characteristic magnetization 
curve which is either a or Z? of fig. 35, then if the 
magnetization is to be equal to I for a back ” field of 
^Aljl^ only one value of I is possible for a given mag- 
netization curve. 

In fig. 35, this value of I is shown for a particular 
numerical example with ^4 = 1 sq. cm. and / = 4 cm., 
so that the back field is |/. It is evident that the 
value of I obtained depends very much on the coercive 
force of the material, and even for the same remanence 
a much stronger magnet could be made of material a 
(high coercive force) than of material b (low coercive 
force). We can now see why coercive force as well 
as remanence is so important in deciding the suitability 
of a given material for making permanent magnets. 
If the permanent magnet were a closed ring, with no 
demagnetizing effects at all, only the remanence would 
matter, for then there would be no cavity field at all, 
but such a magnet would be of little use for most 
purposes, since it would produce no external field. 
We have given only a simple example of the importance of 
shape, but similar considerations apply to more compli- 
cated shapes (such as a horse-shoemagnet), and the whole 
art of permanent magnet design is based on this de- 
magnetization idea. We shall see later (Chapter 5) 
how the development of special alloys, with very high 
coercive force and remanence, has made it possible to 
design permanent magnets which are as superior to the 
lodestone of Gilbert’s day as is the modern steam 
engine to Watt’s original model. 
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WHY MATTER IS MAGNETIC 

1. The structure of matter, atoms and molecules 

r Nf order to understand why matter becomes mag- 
netized in a ma^etic field, and why different Vinds 
of matter behave in the various ways described in the 
last chapter, we must first explain how matter is made up 
of atoms and molecules and how the atoms and molecules 
thranselves are built up of even smaller bricks — -electrons 
and nuclei. The structure of matter is a vast and fas- 
OTatmg subject, and a whole book would be needed to 
descnbe it m any detail. Fortunately, however, we need 
only some of the simplest concepts to explain magnetism, 
and these can be outlined in only a page or two. 

The chemsts have shown that there are 94 different 
elements ranging from the lightest, hydrogen, 
Ii^viest, plutonium * All matter is made 
p of these elements either separately or in 
^th each other. When two 
combme, they always do so in definite 
^op^ons by weight, and moreover these proportions 

fch^rtS?^ element has 

a characteristic number. For instance : 

2 X 1 pams of hydrogen and 16 grams of oxvcen 
combme mto 18 grams of water. 

1 gram of hydrogen and 35 grams of chlorine 
combme m to 36 grams of hydroclfioric ac id. 

bomb that reveaM°tii?^^^°of atomic 

tonium (the 94th, the material of 

Nagasaki), and also that there mav ^ destroyed 

which are unstable. ^ higher elements 


74 



75 


WHY MATTER IS MAGNETIC 

35 grams of chlorine and 2 x 16 ^ams of oxygen 
combine into 67 grams of chlorine dioxide. 

This suggested that every element is made up of its 
own kind of atoms, and that each kind of atom has a 
weight characteristic of the element which it makes up. 
For instance, if we suppose that an oxygen atom 
weighs 16 times as much, and a chlorine atom 35 times 
as much, as a hydrogen atom, the examples just given 
find a simple explanation. In fact, we can say that 
two hydrogen atoms combine with one oxygen atom, 
making one water molecule (a molecule is a combination 
of a few atoms), one hydrogen atom and one chlorine 
atom combine to make one hydrochloric acid molecule, 
and one chlorine and two oxygen atoms combine to 
make one chlorine dioxide molecule. 

It will be noticed that this sort of chemical approach 
gives no idea how big the atoms are, but only indicates 
the ratios of weights of different atoms. The chemists 
therefore introduced the concept of atomic weights to 
measure these ratios ; calling the atomic weight of 
hydrogen 1, the atomic weight of oxygen is 16 and of 
chlorine 35. The heaviest atomic weight, that of 
plutonium, is 250. We can also speak of molecular 
weights on this scale : 18 for water, 36 for hydrochloric 
acid, and so on. Sometimes also two atoms of the same 
element combine to make a molecule, because the atoms 
have an attraction for each other. Thus ordinary 
hydrogen gas is always made up of molecules each built 
of two hydrogen atoms, and ordinary oxygen is always 
made up of molecules each again built of two oxygen 
atoms. We can therefore say that the molecular weight 
of hydrogen is 2 and of oxygen, 32. 

All matter, then, is made up either of atoms ^ or 
molecules, which are simple groups of atoms. How 
are these atoms or molecules held together in the bulk 
of a substance? This depends very much on the state 
of the substance. In a gas, the atoms or molecules 
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are very loosely held together and we can picture 
them as in rapid motion, flying about in all directions 
and constantly colliding wi^ each other ; the violence 
of this random motion becomes greater if the gas is 
heated, and less if the gas is cooled. If the substance 
is a Uquid, its atoms and molecules are much more 
compactly packed together — that is why a hquid is 
more dense than a gas and occupies less volume for 
the samQ mass — ^but they are still moving about at 
random. Finally, in a solid, the atoms or molecules 
become regularly arranged in a sort of lattice frame- 
work, and no longer move about freely. In fact, in a 
sohd, the forces between atoms hold them in fairly 
definite and regularly arranged positions and they can 
only vibrate about these fixed positions. If the regular 
arrangement of the atoms or molecules is preserved 
over fairly ^ge distances, we get what is called a 
crystal, and it is, for instance, the regular arrangement 
of the -water molecules which is responsible for the 
beautiful pattern in snowflakes, which are just crystals 
of ice. 

We can picture the transitions between the various 
states of aggregation in the following way. If a solid 
is heated, its atoms or molecules vibrate more and more 
violently until, at a certain temperature, the bindin g 
forces are no longer strong enough to hold the regular 
arrangement together. The sohd then melts, and the 
regular arrangement is destroyed, but the molecules 
axe still packed fairly compactly. At a stiU higher 
temperature, the niotions of the molecules become so 
violent that even ^ irre^ar packing becomes 
irnpossible, and the liquid boils and turns into a gas, 
with the molecules flying about with much greater 
freedom. 

How big axe the atoms and molecules themselves? 
It is only in the course of the last fifty years that the 
answer to this question has become available. We 
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cannot explain here how the answer has been found, 
but it turns out that the atoms are very small indeed : 
there are 6 X 10®® (6 with 23 noughts after it) hydrogen 
atoms in 1 gram of hydrogen, and each hydrogen atom 
is only about one hundred millionth (10-®) of a cm. 
in size. Other atoms are of course heavier (in pro- 
portion to their chemical atomic weights) and somewhat 
larger in size (but not so much larger). The question 
of the weight and size of atoms led on to the question 
of how the atoms themselves are constructed, and the 
pioneer work of J. J. Thomson, Rutherford -and Bohr 
has given a fairly complete answer to this question too. 

The atoms consist of a number of minute negatively 
electrically charged particles called electrons and a 
positively charged nucleus which contains most of the 
mass of the atom. The electrons weigh very little, 
each one weighing only about 1/2,000 part of the wei^t 
of a hydrogen atom, but they are very important, 
nevertheless, on account of the electric charge they 
carry. The atom as a whole is electrically neutral 
and so the positive charge of the nucleus just balances 
the negative charge carried by the electrons. The 
number of electrons in an atom (or what is equivalent, 
the positive charge of the nucleus) decides what kind 
of an atom it is, and it turns out that this number 
(called the atomic number) increases by one as we go 
from one chemical atom to the next in order of atomic 
weight. Thus hydrogen (atomic weight 1) has one 
electron, helium (atomic weight 4) has two electrons, 
and so on up to plutonium (atomic weight 250) which 
has 94 electrons. 

The nucleus, although very important in itself 
(it was the investigation of the structure of the nucleus, 
started by Rutherford, which led to such staring 
developments as the use of atomic energy), plays little 
part in determining magnetic properties, so we need not 
concern ourselves with it here. We must, however. 
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consider how the various electrons behave within an 
atom, for it is they that determine the maenetic 
properties. * 

Sin^ opposite electric charges attract each other 
we mi^t expect the negative electrons to be sucked 
into the positive nucleus; Rutherford and Bohr 
supposed that this is prevented from happening on 
account of rapid motion of the electrons round the 
nucleus. If in fact the electrons revolve round the 
nucleus, in the same sort of way as the planets revolve 
round the sun, the force of attraction (an electrical 
torce in the case of the atom, but a gravitational one in 
the case of the solar system) could be just balanced by 
me centrfugal force of repulsion, due to the rotation. 
We need not go into the detailed mechanics of this 
ele^omc orbital motion, which was first worked out 
by Bohr mth the help of the quantum theory (although 
we shall have to return to it a little later) but the 
import^t point is the pictme it provides of the atom as a 
Kind of solar system, with its nuclear sun, and its 
electron planets revolving in orbits whose size is 
roughly the size of the whole atom. In a molecule 
Z atoms, there will be several nuclei, 

^ complicated, no longer 

w? but fortunately 

we Shan not need the details of this structure for 
our explanation of magnetism. 

of para- and diamagnetism 

For the present all we shall need of the picture we 

eSrras Snv” *bat it contains 

®^bits round the nucleus. Now 
movmg m an orbit behaves just like a small’ 
turn of wu-e carrymg a current, and so must have a 

Si the orbS mul- 

cqmvalent current (this current is the 
electron charge divided by the thne it tSes Jo go 
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round the orbit). If there were only a single electron 
in the atom (as in the hydrogen atom), the whole atom 
would then have a magnetic moment, but when there 
are»several electrons, the magnetic moments of their 
separate orbits must be added up vectorially (taking 
account of their directions) and if the orbits lie in 
various • planes, they may just annul each other and 
leave the whole atom with no resultant rnagnetic 
moment. This would happen, for instancy, if there 
were two electrons going round equal orbits in opposite 
directions : one clockwise and the other anti-clockwise. 
Alternatively, the magnetic moments of the various 
orbits may add up to give some net magnetic moment 
to the whole atom. 

We have then to consider two possible cases (and 
this is just what Langevin did in his theory of para- and 
diamagnetism, though without such a detailed model 
of the mechanism) : either the atom as a whole has a 
net magnetic moment, or it has none, but in either 
case it is made up of electrons rotating in orbits. 
Even in the first case, when each atom can be thought 
of as a small magnet, the substance as a whole would 
not have any magnetic moment if no magnetic field 
were applied, because the directions of the separate 
atomic magnets would be pointing quite at r^dom, 
and so on the average would not add up to give any 
net magnetization (remember that these moments 
must be added vectorially, just as the moments of the 
separate orbits were vectorially added to give the 
atomic moment). 

What happens, now, if a magnetic field is apphed 
to the substance? If each atom is a small magnet, we 
might expect, at first sight, that the field would im- 
mediately turn each atom, like a compass needle, to 
point its magnetic moment in the field direction. It 
this were to happen, the substance would at once have 
a huge magnetic moment in the field direction, and 
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^l^etization would not increase any furthf>r 
u the field, were increased (something like the saturation 
Actually, however, the moment 
® increases proportionally to, the 

new. Ifie fallacy m the argument is that we have 
M^^ted to ^e accoimt of the thermal agitation of 
&e atoms. We have, m fact, already mentioned that 

IviL f of ’milliard baUs 

lying p^cefuUy at rest, but rather as billiard balk 
constantly bemg stirred up by an energetic snooker 
detailed nature of this agitation depends 
on whether the substance is a solid, liquid, or Sf 
ti? !?• y o®oot is that it tends to maintain 

moments entirely at 
staring-up ” tendency is the stronger 
temperature, for the detailed theory 
shows that the violence of the thermal agitation k 
to the absolute temperature. 

“^Snetic field is put on, it is true that it 
S 1 1 ^? into its own direction 

proportional to the field strength, 
but twistmg IS strongly counteracted on the average 

f ^Sit^don to keep the 

directions at random. The importance of “ on the 

fodced, for in detail the process 
IS more comphcated : here and there an atomic 

wK kS afterwards 

dire^on^? ?® thermal agitation into a different 
duecfion. It is only the average effect that can ever 

aSd °f is so huge, 

de worked out 

A whoL^S?!, Pictwe. 

waT deveW? K ^ physics caUed statistical mechanics 
Ser hS Boltzmann in the 

of “ av^e?’ ^ ®®“i^ widi this kind 

rt, j® problem and, Langevin in 1905 annlied 

the methods of statistical mechanics to ttt pJtiS 
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ma^etic problem. We cannot give the detailed 
derivation of his theory, but from what has .been said 
we might expect the magnetic moment of the whole 
substance (the “ average ” effect of all the atoms) to 
increase with the field and with the size of the individual 
atomic magnetic moment, and to decrease with the 
temperature. 

This indeed proves to be the case : the magnetization 
/ in a field i? is given by 

T _ 

“ 3kT 

where n is the number of atoms in a unit volume, n is 
the magnetic moment of each atom, r is the absolute 
temperature aftd k is known as Boltzmann's constant— 2 i 
constant whichis fundamental in statisticalmechanics and 
measures the violence of thermal agitation. Numerically 
k is about 14 x 10-^® ergs per degree (the erg is the unit 
of energy). It should be noticed thatthistheoreticalresult 
already explains some of the experimental results 
described in the last chapter in as far as it predicts a para- 
magnetic magnetization proportional to the field, and 
inversely proportional to the absolute temperature, just 
as Curie found in his experiments. The size of the suscep- 
tibility predicted by Langevin obviously depends on 
the size of /i, the atomic magnetic moment, but it 
will be convenient to discuss this a little later. 

What about the diamagnetics : how is their behaviour 
to be explained? Langevin supposed that these are 
the substances in which the atoms have no net magnetic 
moment (/ia = 0), on account of the magnetic moments 
of the separate orbits just armuUing each other. At 
first sight it might seem that in this case the substance 
would be magnetically neutral, and that if a magnetic 
field were applied no magnetization would result, but 
actually even with magnetically neutral atoms a small 
effect occurs within each orbit, which causes the 
observed feeble diamagnetism. 
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turn electron orbit as a small 

F^adav’TSl^^^!? ® it liable to 

o^a and when a field is switched 

wWchTriSTi^'^ electromotive force wUl be induced, 
fielH ^ magnetic field opposite to the 

™s“back» E^M.F. causS 
and^so the^t^ tlie electron in its orbit, 

changes slrehdf^^TT,^°“i.®“^ individual orbit 
sucffito JH f^tra contribution is always 

words it is til® field that is applied, or in other 
SouehtL tr,^ ”^°"f’'^^”^^^®tic moment, and even 
may magnetic moments 

and SSdhL negative contributions add up 

SdeSv th«^t tW- ‘ii^agP^tic effect. Notice! 
even if th diamagnetic effect should occur 
S Luf "y®^® of the orbits do 

denenrlf^r»+ ^ oth&r (producing the temperature 

avoid comnlif^^ +1^ explaining paramagnetism to 
neglect T^uSSh ‘l^cmsion, and actuaUy our 

nS!S.<.;fJ ^ practice, because when the 

maSfit^ 5®? to orientation of atomic 

maSc eff^f so much larger than the dia- 

the diamagneti 

AU^e wTd^irT®^'^ ? ‘^^'^It to estimate. 

^thL eWrI ii to calculate the change of speed 

tL SiS^ S f“ wS fff. ^ 

area v ^^len a field changes is given bv 

1™^' de^oiSotof 

mass, .4=orbit area' ;-Ien??“*Sf '"“=>«*oma 
acceleratioa=^ xrate of change of held 
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Now acceleration is just rate of change of velocity, so 
the net change of velocity when the field rises from 
zero to H is given by eAHjinl. 

The magnetic moment of an orbit is eAvjl (where v 
is the velocity) since Ijv is the time taken to go once 
round the orbit, and hence the diamagnetic effect 
due to one orbit is the change in this magnetic moment, 
which is 


M = 


ml^ 


But if r is the radius of the orbit A — irr^ and / = 2irr 


so our result reduces to 


M = 


4m 


When the effects from all the orbits are added together, 
the net result if the directions of the planes of the 
orbits are taken into accoxmt, comes out to be a magnetic 
moment per atom : 

X [sum of the of the various orbits] x ff 

6m 

As we have explained, this is a diamagnetic moment 
and always occurs whether or not the atom as a whole 
has a magnetic moment without a magnetic field. This 
diamagnetic moment is proportional to the field If, 
and since the orbit sizes do not depend on temperature 
(nor of course do e and m), it produces a diamagnetism 
which is the same at aU temperatures. This again 
is very similar to what is found experimentally. The 
numerical value of the diamagnetic susceptibility can 
be estimated from our formula, for we know that r is 
about 10“® cm., e is about 1-6 X 10-®“ electroinagnetic 
units, and m is about 10-®’ ^ams. Putting in thrae 
numbers we find for the dieimagnetic susceptibility 
per atom (atomic moment divided by the field), taking 
a typical case, such as sulphur, which has 16 electron 
orbits (atomic number 16) 
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(1-6 X 10-20)2 X 16 X 10-“/6 X 10-*’’ 
or rou^y 7x 10 2 ». Now in sulphur there are about 
1-6X10 2 atoms per cc, so we find for the volume 
susceptibihty of sulphur 

= 7 X 10-2* X 1’6 X 10*2 = roughly 10-® 
Tms IS just about the value found experimentally, 
and so we have our first example of how an experi- 
mentally determined magnetic susceptibility is accounted 
tor by Its atomic structure. Actually the good agree- 
ment is rather an accident, because we have taken only 
a very rough value for r* and moreover we have not 
explamed why the sulphur atom has no net magnetic 
moment of its own (that is to say why sulphur is not 
paramagnetic). ^ f 

To sum up, the prediction of Langevin’s theory is 
that the susceptibility per atom should be 

[sum of the r* pf va rious orbits] 

. . 6/m 

me minus sign, comes in because the second term 
represents a diamagnetic effect, and the first term onlv 
occurs when the separate orbital magnetic moments 

We shall see in the next 
it is usually 

mu^ bigger thati the second and so the substance as 
parama^etic and obeys Curie’s law ; when 
the first term IS absent (as we have assumed in our 
exmple, sulph^) the substance is diamagnetic and its 
volume susceptibility is usually 10-« or less. 

We were able to estimate the magnitude of dia- 
ma^etic susceptibility without knowing any details 

to esti^te lie size of paramagnetic susceotibiiities 
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If we consider a single orbit, its magnetic moment 
H is given by electron charge x orbit area x length of 
orbit divided by orbit velocity (/x = eAvjl as on p. 83), 
and we must consider what determines v. Bohr showed 
that the angular momentum of an orbit, which is 
defined by mass X velocity x radius, is always a 
simple multiple of a fundamental constant, or quantum 
denoted by H and known as Planck’s constant of action 
Its value is about 10-*’ erg-seconds. If then we 
consider an orbit in which the angular momentum 
has just a single quantum of action, we have that 
mvr = H 

and so 

eA ^ 

Moment =-j-X — 

Putting A = .irr* and / = 2n-/‘ this gives 
Moment 

In Bohr’s theory this becomes a kind of fundamental 
unit, and the magnetic moment of an orbit should be 
just a simple multiple of it. This unit is called the 
Bohr magneton^ and its numerical value is easily 
obtained from our formula ; it is roughly 
1-6 X 10-2® X 10-^' 

2 X 10-2 ’ 

or in round numbers 10“^®. 

When the effect of all the various orbits in an atom 
are added up, the result is usually a net atomic moment 
of just a few Bohr ma^etons. Even though there 
may be 50 or more orbits concerned, the effects of 
many of the orbits cancel each other because their 
moments point in opposite directions, and it is only 
the odd few which add up to give the net magnetic 
moment. If we take for a typical case /i, = 5 Bohr 
magnetons, or in other words /x = 5 x 1^®®, we can 
estimate the size of the first term in Langevin’s formula. 
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Taking Tas 300° K (27° C.),and putting in the value of 
Boltzmann’s constant = 14 x 10-^®, we find 

/X® (5 X ia-*«)2 _ _ 

X 14 X 10-“ X 300 =2 ^ lO-^” per atom. 


If we take a t^ical substance in which there are 10*^ 
magnetic carriers per cc., we find a volume sus- 
ceptibility K = 2 X 10-8 which is indeed the sort 
of value which is found experimentally for a para- 
magnetic which obeys Curie’s law. Notice that it is 
something like twenty times larger than the diamagnetic 
term, so it is indeed reasonable to neglect the dia- 
magnetic effect when there is a paramagnetic effect 
present as well. 


It seems, then, that Langevin’s theory is able to 
account for a good many of the experimental facts 
m general outline, and even to some extent numerically. 
As fax as we have gone, it seems that magnetism is 
entirely due to the motion of the electrons within 
atoms of matter, but this is not the whole story. It 
tuTM out Aat if the atomic magnetic moments are 
evaluated by comparing Langevin’s formula with the 
ecpenmentally measured susceptibihties, the values do 
not generally come out to be exactly what we should 
exp^t from considering the orbital motion of the 
electrons. It is true that these moments always come 
out to be a few Bohr magnetons as we should expect. 

number (1, 2, 3, etc.) as might be 
exp^^. puzzled the atomic theoreticians a 

late nineteen twenties 
this became clear. It turned out 
of the atom was a 

Son of quantum mechanics 

develop^ by Schrodinger, Heisenberg, Dirac and 

SSlfoTa ^® ^ he a simple 

mulpple of a Bohr magneton, but should usuallv be a 

more complicated mulUple such as square root of Sit 
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PLATE I 








(a). Iron filings sprinkled round the bar 
magnet(about 1 J'^'long) produce a rough map 
of the lines of force (compare fig. 4, p. 17). 
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(b). 

Elmore’s 
model of 
domains 
(compare 

(c)). The 
black p 
ches show 

where the ferromagnetic powder has 
settled on the array of 100 permanent 
magnets (each is a y cube) (p. 109). 
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Above: {d). The Bitter patt- 
ern on an electrolytically 
polished iron-silicon crys- 
tal face is rather like a fir 
tree and very different from 
(c). In this case the white 
lines show where powder 
has settled. The picture is 
i mm. across (p. 110). 


Left: (^'). The Bitter pattern 
on a cobalt crystal. The 
picture is i- mm. across 
(P- 109). 







{d). Carl Friederich Gauss 
(1777-1855) developed the 
mathematical science of 
magnetostatics (p. 15). 


(e). Michael Faraday 
(1791-1867) showed that a 
changing magnetic field 
produced electric effects, 
and made many other 
important magnetic dis- 
coveries (p. 38). 


(/). James Clerk Maxwell 
(1831-1879) developed the 
mathematical formu ki lion 
of the connections between 
electricity and magnetism, 
which later led to the dis- 
covery of radio (p. 40- 


(a). Lord Rutherford (right 
1871-1937) talking to Sir J.J. 
Thomson (1856-19^), 
he succeeded as Cavendish 
Professor of Physics in Cam- 
bridge. They were responsible 
for a great part of our present 

understanding of the structure 

of matter Xp. 77). 




(/>). Pierre Curie 
(1859-1906) showed 
that paramagnetic 
susceptibility in- 
creased inversely as 
the absolute tem- 
perature (p. 59). 


(e). Paul Langevin 
(1872-1946) ex- 
plained Curie’s Law 
in terms of the 
structure of matter 
(p. 78). 


(^/). Pierre Weiss 
(1865-1940) extend- 
ed Langevin’s theory 
to explain ferromag- 
netism, and intro- 
duced the idea of 
domains (p. 96). 


(e). Pieter Zeeman 
(1865-1943) dis- 
covered the change 
of wavelength of 
light caused by 
emission in a mag- 
netic field (p. 153). 



A MAGNETIClaBORATORV 



(6). The spetial dynamo which Kapitza developed 
for momentarily producing a huge magnetic field 
in a coil. The complicated switch gear is in the 
foreground (p. 159). 


“'>• ^ ^TtecoilfarSw"ube\?tj 
about 4 feet across (p.l62). 



Above: (c). The main entrance of the lab- 
oratory. The crocodile was a nickname for 
Lord Rutherford whose booming voice 
could often be heard before he was seen, 
like the crocodile in Peter Pan who 
swallowed an alarum clock. 


Left : (d). The main hall of the laboratory 
with the dynamo visible at the far end. The 
dynamo -has since gone to Moscow and 
extra research rooms for adiabatic de- 
magnetization have taken its place (p.l60) 



(c). Adiabatic demagnetization. 
The water-cooled solenoid Cu 
smaller version of (b)) has just 
been lowered and the paramag- 
netic salt inside the apparatus bus 
cooled to about 0.01°K (p. 178 ). 




(c). Adiabatic demagnetization. 
The water-cooled solenoid (* 
smaller version of (/>) ) 
bTen lowered and the Paramag- 
nctic sail insidethe appara us has 
cooled to about 0.0 1 K (i • 


«,). ASucksmith balance for mcasuri^^^^ 

The force on ihc spec men distorts^ ^ 



PLATE VI 


PERMANENT MAGNETS 



((•). Trie magnet of 
an electricity meter 
recording domestic 
power consumption. 
It is about 2 ins. 
longtp. 156). 


{a). The 70-ton permanent magnet at Bellevue useu lo 
ing the speeds of a particles. The large rings and t 
pieces arc of soft iron ; the permanent magnet bio 
inside the coils used for magnetizing them (p. 157). 



(d). The magnet of an am- 
meter. The coil fits into the 
upper hole and is twisted when 
a current flows. The whole 
magnet is about in. across. 
(X). 35). 


(<?), This permanent magnet has a. field 
4,000 gauss in its gap, in which a magneti 
can be placed. The base of the magnet 
10 in. long (p. 156). 







(fl) The 110-ton electromagnet at Bellevue ; the cables and pipes 
Wible in front, supply the electricity and cooling water to the 
magnet coils. In the gap shown a Held of about 50,000 gauss can 
be produced. The magnet is about eight feet high (p. 162). 






about 120 kW 
(p. 124). 


Below: 

(h). A modern 
type magnetron 
in which the mag- 
net (more com 
pact than that 
plate VI {e)) 
built round tl 
valve. The 3 cr 
waves come o 
of the rcctang 
lar slot. Tl 
whole apparat 
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(c). A betatron for accelerating electrons 
to 16 million volts built by B.T.H. Ltd. 
at Rugby. The vacuum tube is right 
inside the magnetizing coils. The appara- 
tus is about 2\ feet across (p. 175). 


(c/). A simple type of telephone relay 
used extensively by the C.P.O. The long 
tongues carry the contacts which are 
made and broken by the rocking of the 
iron piece at the right. The relay is 
about 4 in. long (p. 195). 
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product of an integer multipUed by the integer plus 
two (for instance, square root of 5x7, which is 5 ’91 
With tMs modified method of calculating u, Langevin’s 
ongmal formula still holds good. 

The theory is too mathematical to describe in detail 
but we must mention one startling new idea which it 
brought in and which throws a new Ught on the essential 
in6ch.8.tusni of niEgn^tism. Xhis is the idcH. of electron 
spin. Actually this concept was brought in not so 
much to explain paramagnetism as to explain some 
mysterious details of optical spectra (the kind of light 
emitted by hot substances). Uhlenbeck and Gouds^t 
found that these mysteries could be resolved if they 
imaging the electron to have an intrinsic spin (like a 
top) with which just one Bohr magneton of magnetic 
moinent was associated. This spin magnetic moment 
was in addition to the magnetic moment the electrons 
produced in virtue of their orbital movement and Tiarl 
to be combined with the orbital moment in a com- 
plicated way. Later, Dirac was able to show by a 
very ingenious mathematical treatment, that if Ein- 
stein’s theory of relativity were combined with 
Schrodinger’s quantum mechanics this electron spin, 
with its associated magnetic moment, could be predicted. 

To sum up our discussion of atomic magnetic 
moments, we can say that an atom may possess a 
magnetic moment partly due to the orbital motion of 
its electrons, and partly due to an intrinsic magnetic 
moment of each electron associated with an intrinsic 
spin. These various contributions partly annul each 
other (completely in the case of diamagnetic atoms), 
but in some cases partly add up together to give a net 
magnetic moment of a few Bohr magnetons. It will 
be noticed that we have assumed all along that the 
various magnetic moments (orbits and spins) wi thin 
an atom do not act independently when a magnetic 
field is applied. They are in fact strongly bound 


o 



oo 

magnetism 
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just cancel each other). To get its magnetic sus- 
ceptibility we have to put [jl equal to square root of 
1 X 3 or about 1-7 Bohr magnetons in Langevin’s 
formula, but for the present purpose it is simpler 
(and for reasons that cannot be easily explained here, 
actually more correct) to treat it as having exactly 1 
Bohr magneton of magnetic moment. The prediction 
of quantum theory is that this single magneton can 
only point in two possible directions, as soon as a 
magnetic field is applied, either along or opposite to 
the magnetic field. The thermal agitation tries to 
keep the number along and opposite just equal, but 
the magnetic field tips the balance in fkvour of those 
along the field, so that the gas as a whole is slightly 
magnetized and behaves like a paramagnetic. 

Stern and Gerlach suggested an ingenious experiment 
to verify this prediction of quantum theory, and 
successfully carried it out. They sent a beam of 
potassium atoms (produced by heating potassium in 
a completely evacuated furnace) between the poles of 
a magnet which produced a strongly inhomogeneous 
magnetic field. We have already seen that such a 
field produces a mechanical force on any carrier of 
magnetic moment and the force is towards stronger 
fields if the moment is along the field, and towards 
weaker fields if the moment is opposite to the field. If 
then, the potassium atoms are approximately equally 
divided into atoms with magnetic moments along and 
opposite to the field, this inhomogeneous field will sort 
out the sheep from the goats, the two kinds of atoms 
being deflected in opposite directions. 

After the atoms have left the magnet they carry on 
in straight lines, but the original beam is now spht 
into two beams on account of the two kinds of de- 
flection while passing through the magnet. These 
two beams were detected by letting them fall on a 
glass plate where after sufficient time they produced 
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field can be obtained with a ferromagnetic rather 
than a paramagnetic substance, Einstein and de Haas 
suspended an iron rod on a fine fibre and suddenly 
magnetized it along its length. They found that the 
iron rod twisted slightly from its original position, 
and by careful measurement of this effect they were 
able to confirm that it was approximately of the amount 
indicated by theory. Actually, more refined experi- 
ments later on showed that the effect was only half 
as big as predicted by a theory based on consideration 
of only orbital motion of electrons, and this discrepancy 
was in fact one of the pieces in the jig-saw puzzle 
whose solution led to the discovery of electron spin. 

The modern view is that the magnetism of a ferro- 
magnetic is nearly entirely due to electron spins, and 
Dirac’s theory predicts that the angular momentum 
of spin is half as big as that of orbital motion in relation 
to the magnetic moment, so the experiment shomd 
indeed give just half the effect to be expected for 
orbital magnetism. This demonstration of the rota- 
tional motion associated with magnetism ^the gyro- 
magnetic effect as it is called— can be used in principle 
to sort out to what extent the magnetism of py para- 
magnetic substance is due to orbital and spin effects. 
We say in principle, because the effect is so minute 
with anything but a strongly magnetizable substan^ 
such as iron, that it is hardly measurable. Sucksmith, 
however, has recently so perfected the technique of 
the experiment that he has been able to work with 
paramagnetics and thus give further support to the 
detailed theory of paramagnetic susceptibility. It is 
interesting to note that some of these ^rornagnetic 
experiments had to be carried out at night, because 
during the day the vibrations of the Bristol trams 
running through the town at some distance from the 
laboratory were sufficient to upset the delicate apparaitos 
and make accurate measurement impossible. This 
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gives some idea of the difficult nature of this sort of 
work. 

5. The effects of interactions between atoms 
Up to now we have in our explanation of magnetism 
always worked out just the average effect per atom, 
and then simply multipUed this effect by the number 
^ atoms m unit yolime to obtain the magnetization. 
This procedure implies that we have ignored any 
p^sible interactions of the atomic magnets on each 
otEer, and we must now consider how far this is 
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the atoms of these gases have no resultant magnetic 
moment, and the gases are in consequence diamagnetic. 
At higher temperatures substances which are ordinarily 
solid or liquid become gases, and some of them are 
paramagnetic ; an example we have already mentioned 
is potassium vapour, which has just the paramagnetic 
susceptibility corresponding to its single uncompensated 
electron spin. Most ordinary gases, such as hydrogen, 
oxygen, nitrogen and so on, consist of molecules in 
which two or more atoms (two in the examples men- 
tioned) are bound together. In such cases the detailed 
theory is rather more complicated than for atoms, but 
the general ideas of Langevin’s theory still hold good. 
Such gases are mostly diamagnetic, but a few are 
paramagnetic with each molecule having a magnetic 
moment of a few Bohr magnetons. An interesting 
example of such a paramagnetic gas is oxygen (which 
comprises about 20 per cent, of the air we breathe), 
and its susceptibility is in very good agreement with 
the detailed theory for molecular gases. 

In solids and liquids the atoms or molecules are 
much more closely packed together and their average 
separation is only a few atomic sizes. Interaction 
forces between the atoms or molecules are then much 
stronger (it is indeed these forces which keep the 
substance together), and in general it would be un- 
reasonable to expect Langevin’s theory to apply 
exactly. The theory of these effects is too complicated 
to explain here, but we can mention a few important 
consequences. 

In some special cases, notably certain chemical 
salts, the theory still applies surprisingly well. In 
some of these salts part of the molecule has a magnetic 
moment which makes the salt behave like a para- 
magnetic, and the other parts of the molecule which are 
magnetically neutral act as a kind of diluting agent. 
The magnetic parts (the so-called paramagnetic ions) 
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are consequently still relatively far from each other 
even though the salt is a solid, and the interaction 
effects are fairly small ; it turns out that they are 
particularly stnall if the magnetism is due entirely 
to electron spins rather than orbits. A further diluting 
effect is sometimes obtained by the arrangement of 
the electrons within the parama^etic ion, tf the elec- 
trons responsible for the magnetic moment of the ion 
are “ screened ” by other electrons whose magnetic 
effects compensate each other. In such cases the 
simple theory ajpplies veiy closely and the interaction 
effects are practically negligible as if the substance were 
a gas. The detailed study of the susceptibilities of 
such salts was historically of importance in elucidating 
structure of atoms. The absence of interaction 
complications enabled the magnetic moments of the 
paramagnetic ions of a whole series of elements (the 
rare earths as they are called) to be directly deduced, 
and the changes of magnetic moment in going from 
one element to the next (in order of atomic number) 
revealed regularities in the structures of atoms which 
provided valuable confirmation of Bohr’s theory. 
When the interactions are not quite neghgible they 
usuaUy have the effect of modifying Curie’s law, but 
the general theory stiU roughly apphes. ' 

In inany solids the interaction effects lead to the 
liberation of electrons from each atom, and these 
electrons are able to roam throughout the body of the 
solid. ^ Such^ solids are metals, and if an electromotive 
force is applied to them, their free electrons are driven 
through the metal producing an electric current ; 
they are in fart conductors of electricity. Their 
rnagnetic properties depend very much on the structure 
of the ion which is left after the free electrons 
contabuted by each atom have left it. If the ion left 
behmd has a resultant magnetic moment, the substance 
as a whole is usually paramagnetic platinum is a 
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typical example), but owing to the strong interaction 
effects between the ions, the paramagnetism is usually 
not in detailed agreement with Langevin’s theory, and 
in some cases, such as iron, this interaction completely 
changes the magnetic properties and ferromagnetism 
occurs (which will be discussed more fully in the next 

section). . ^ 

If the ion has no resultant magnetic moment (this 
is the more common case), the metal is only feebly 
magnetic. Its magnetism is then generally made up 
of three parts ; first, the diamagnetism of the ions, 
second, a diamagnetism due to the “ free ” electrons 
being twisted into curved tracks when a magnetic 
field is applied, and third, a paramagnetism due to 
the electron spins of the free electrons. At first sight 
it might seem that the third contribution should be 
large, since there are at least as many fr^ electrons 
as atoms, and each electron carries a spin moment 
of one Bohr magneton, but actually the paramagnetisin 
turns out to be very small. Fermi and Dirac showed 
that electrons in metals obey special laws which allow 
much fewer of the spins to be oriented by a magnetic 
field than would seem to be indicated by considering 
the thermal agitation effects in the ordinary way. 
As a matter of fact, the puzzlingly small paramagnetism 
of the spins of free electrons in metals was one of the 
clues which led to the much better understanding of 
metals which has been achieved in the last twenty 
years. 

The relative sizes of the three sorts of magnetism 
in a metal depends very much on the particular metal 
concerned, since all three are usually of much the same 
order of magnitude. Sometimes the diamagnetism 
outweighs the paramagnetism and the metal as a whole 
is diamagnetic, as for instance lead or zinc, and some- 
times the paramagnetism is predominant and the 
metal is paramagnetic on the whole, as for instance. 
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tin or aluininium. In all such cases the magnetism 
is very feeble, the volume susceptibility being usually 
less than 10-', and hardly varying with temperature. 
The detailed behaviour depends very much on cir- 
cumstances, and interaction effects may sometimes 
produce curious results, as in the case of bismuth, to 
which we shall return later. 

Solids and liquids which do not conduct electricity 
(insulators) are usually feebly diamagnetic (except, of 
course, where the molecules are magnetic, as in para- 
magnetic salts). There are no free electrons to com- 
plicate the issue, and interaction effects are usually 
not very important. We have already mentioned 
sulphur, as a typical example of this class of substance 
(p. 84). 

6 . Ferromagnetism 

We have left ferromagnetics almost to the last, in 
spite of their technical importance, because they are 
really a rather special case of interaction effects, and 
can only be understood now that we have a general 
picture of what happens when interactions are relatively 
unimportant. Weiss in 1907 was the first to produce 
an explanation of the extraordinary properties of 
ferromagnetics. Without bothering about the detailed 
structure of the atoms of a ferromagnetic (indeed 
little was known at that time about atomic structxure) 
he worked out the consequences of assuming a par- 
ticidar kind of interaction between magnetic carriers. 

He suppos^ that owing to this interaction, the field 
acting on a single atom of iron (more correctly on the 
ion left after the free electrons had left the atom) was 
not merely the magnetic field applied from outside, 
but also a field due to the interaction, a molecular 
field as he called it, proportional to the magnetization 
of the whole substance. In other words, he assumed 
that the effective magnetic field in Langevin’s theory 
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was not just H, but H X[ where A is some suitable 
constant. It turned out that if A was big enough, 
ferromagnetism could be explained. Why A should 
have to be so big (about 100,000) was left a mystery 
for twenty years, until Heisenberg found a rough sort 
of explanation using quantum mechanics (too difficult 
to reproduce here), but if the large value of A is accepted 
it is not difficult to see what happens. 

Let us put H + }d instead of H into Langevin’s 
formula for paramagnetism (we need not worry about 
the diamagnetism, since it is negligibly small in 
comparison). We get (see p. 81) 

/ = ^X(H + A/) 

Solving this equation for I, we find 

r n/jL^H 

“ 3kiT-n[jL^XI3k) 

As long as T is higher than Tc =«ju.®A/3fc, this gives 
just a strong paramagnetism, though one which 
obeys a modified Curie’s law (in fact the Curie-Weiss 
law of p. 60), but when the temperature T is just 
equal to Tc, the formula predicts an infinite magneti- 
zation. This is because Langevin’s formula, as we 
have quoted it, is only a first approximation — quite 
good enough for ordinary paramagnetics but failing 
us here where we have to deal with much stronger 
magnetizations. This first approximation ignores the 
saturation which must set in for sufficiently high fields, 
even with paramagnetics, when the field is so strong 
that it makes all the atomic magnets line up com- 
pletely. Below the critical temperature Tc, the extra 
molecular field is sufficiently strong to magnetize the 
whole substance without the help of any applied 
magnetic field, and we get a spontaneous magnetization. 

The detailed working out of this idea shows that this 
spontaneous magnetization sets in only below the 
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critical temperature Tc and becomes larger as the 
temperature is lowered in a fashion very gimilar to 
that shown in fig, 32 of Chapter 3. The critical 
temperature Tc = rtfL^XjSk has in fact just the 
significance of the Curie temperature, above which 
ferromagnetism disappears ; it is by comparing it with 
the experimentally found value that a value of A of 
about 100,000 is found necessary. At low temperatures 
the spont^eous magnetization corresponds to almost 
perfect alignment of the atomic magnets, and so we 
can estimate from the experimental value of the 
satmation magnetization, the magnetic moment of a. 
smgle atom. For iron the biggest magnetization is 
1>700 per umt volume, which contains roughly 
10 ® atoms, so each atom has a moment of nearly 
2 X 1^20 Qj. about 2 Bohr magnetons. This is just 
the order of magnitude we should expect for an atomic 
moment. 


According to Weiss, then, the interaction effects 
between the atomic magnets in a ferromagnetic are 
so strong that it can magnetize itself, provided the 
temperature is not too high. As the temperature is 
rped, ^e increasing thermal agitation reduces the 
s^e of this spontaneous magnetization, and moreover 
It reduces It more and more rapidly because the mole- 
cule field which produces the spontaneous magneti- 
zatira becomes weaker and weaker. As we approach 
temperatoe, the spontaneous magnetization 
i^s off veiy rapidly and above this temperature the 
dermal agitation is too strong to permit any spon- 

th® ferromagnetic 

turns mto a paramagnetic. 

It wodd seem on this view that, below the Curie 
temperature, every ferromagnetic should be just a 
permanent magnet, while we have seen that usually 
IS only weakly magnetized without a 
field, and only with the help of a smaU external Sid 
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is Strong magnetization produced. The reason for 
this apparent discrepancy with the facts was also 
given by Weiss. He suggested that in the absence of an 
applied field, the spontaneous magnetization had 
diferent directions in different regions or domains of 
the ferromagnetic substance. He supposed that each 
domain was large enough to contain very many atoms, 
but that it was still fairly small compared with ordinary 
sizes, and so could not be easily detected. Since the 
magnetic moments of the domains point in various 
directions the substance as a whole need not have any 
spontaneous magnetization, because the effects of the 
various domains just annul each other (in a permanent 
magnet they only partially cancel out, and we do in 
fact get a certain degree of spontaneous magnetization). 
When a quite small magnetic field is applied, the mag- 
netic moments of the domains are lined up and we 
get saturation when they all point the same way. 

Weiss showed remarkable intuition in putting forward 
this domain idea, because at the time there was no 
direct evidence for it, apart from the indirect evidence 
that a ferromagnetic was not always a permanent 
magnet. More recently, however, a great deal of 
direct evidence has been found, and we shall devote 
the whole of the next chapter to the domain theory, 
showing how it explains the detailed properties of 
ferromagnetics such as high permeability and hysteresis, 
which are so important technically. 

The general idea of Weiss’ theory that a ferro- 
magnetic consists of spontaneously magnetized domains 
has survived to the present day, but the details have 
been a good deal modified by the quantum theory. 
Even now a lot remains to be explained, because, 
actually, the interaction effects are more complicated 
than Weiss supposed, and the mathematical problem 
of working out their influence is so difficult that only 
simple limiting cases have been solved. One important 
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result which has come out of all this work is that the 
magnetism of a ferromagnetic is almost entirely due 
to electron spins, rather than orbital motion of electrons 
(this is shown for instance by the gyromagnetic experi- 
ments described on p. 91). In a sense, the wheel 
has turned full circle : in Chapter 2 we suggested that 
the ultimate magnetic entity was not a magnet at all 
but electricity in motion, while now we see that though 
electricity in motion (orbital motion of electrons) is 
r^uired to explain a good deal about magnetism, we 
still need a fundamental magnet (the electron spin 
moment) to explain the magnetism of an ordinary 
permanent magnet, and we return to the primitive 
idea of magnetism per se, as it were. In a deeper 
sense, however, this attempt to decide whether elec- 
tricity or magnetism is the fundamental entity is rather 
like the problem of whether the chicken or the egg 
cme first, for in Dirac’s theory the magnetic properties 
of electron spin, appear as a fundamental consequence 
of relativistic quantum mechanics, and it becomes 
rather artificial to separate electricity and magnetism 


7. Some magnetic curiosities 
Our aim so far in this chapter has been to give a 
general picture of how magnetic properties of different 
lands of materials can be explained. In certain 
extreme cases, rather remarkable magnetic properties 
occur because of special circumstances, and we shall 
conclude ^s chapter with an account of three such 
cases wmch, though not of much practical importance 
^except to the academic scientist as a testing ground 

worth describing as magnetic 
cunosities. ° 

The first example is the ideal paramagnetic. 

favourable cir- 
cumstances, mteraction effects may be almost com- 
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pletely absent in a parama^etic salt. This means 
that the simple theory, and in particular Curie’s law, 
applies very closely down to very low temperatures. 
At ordinary temperatures, the susceptibility of such 
a salt, for instance, potassium chrome alum is about 
2 X 10“®, and so at 1°K it becomes 300 times 
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Fig. 36. — Magnetization curve of potassium 
chrome alum at 1 •34°K. (this temperature is 
achieved by boiling liquid helium at reduced 
pressure). The initial volume susceptibility 
(measured by the slope of the straight line) is 
5 X 10“®, but for fields above a few thousand 
gauss, the curve departs from the strai^t 
Une, and a saturation magnetization of about 
60 gauss is approached at higher fields. 


as big or 0-007, and we have a fairly strong magnetism 
in quite modest magnetic fields. For instance, in a 
field as low as 1,000 gauss, we should have a mag- 
netization of 7 — ^which is only 250 times less than the 
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saturation magnetization of iron. Actually, at such 
low temperatures the thermal agitation is so small 
that saturation effects can be observed if the field is 
increased above a few thousand gauss. 

As the field is increased, its orienting effect is able 
to gain control over the disordering forces of the thermal 
agitation and the atomic magnets get almost completely 
lined up in a field of 20,000 gauss. The magnetization 
stops increasing proportionally to the field and at 
high enou^ fields stops increasing any further (this 
behaviour is illustrated in fig. 36). The saturation 
magnetization is almost comparable to that of iron,* 
and so we have the remarkable case of really strong 
magnetism in a substance which we should ordinarily 
think of as only feebly magnetic. In principle this 
saturation should be observable by using a high enough 
magnetic field even at ordinary temperatures (say 300 °K) 
hut the field required would be 300 times as big as 
that required at 1 °K. This means a field of several 
niiUion gauss, so the experiment is impracticable with 
the means at our disposal. Kapitza looked for sat- 
uration with a field of 300,000 gauss, the highest field 
yet obtained, but could find no trace at ordinary 
temperatures, just as we should expect. 

At still lower temperatures, obtainable by a special 
techmque we shall describe in Chapter 7, the properties 
ot liese ideal paramagnetics become even more 

Simon found that at 
ammonium alum behaves 
somewhat ^e a ferromagnetic, showing hysteresis 
point. Further investigation of these 
properfaes may yet throw light on some of the diflRcult 

du?io iron is 
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featxires of ferromagnetic theory, and if this proves 
to be the case it will be an interesting example of how 
academic science can be of practical value even when 
it studies effects in completely extreme conditions, 
which themselves are imlikely ever to be of practical 
use. 

Our second example is bismuth, a diamagnetic 
metal. From the point of view of the theory of metals 
it has always been somewhat of a “ rogue ” metal and 
the elucidation of its properties has been useful in 
stimulating a deeper understanding of the theory. 
Bismuth is more diamagnetic than it should be a^ording 
to a naive theory. Its volume susceptibility is about 
10-®, which is some twenty times larger than simple 
theory predicts and, moreover, it increases fairly 
strongly as the temperature is reduced. That this is 
due to some sort of interaction effects is clear from 
the fact that when it melts (and the interaction effects 
due to the regular arrangement of its atoms in a solid 
disappear) the diamagnetism drops suddenly to a 
reasonable value. 

We cannot explain here how these interactions 
between the free electrons and the atomic lattice 
structure influence the magnetic behaviour, but it is 
worth describing a very peculiar effect which is caused 
by these interactions and which sets in with bismuth 
at low temperatures. It was found by de Haas and 
van Alphen that below about 20'’K. (the temperature 
at which liquid hydrogen boils) the magnetization of 
bismuth is no longer proportional to the magnetic 
field and the susceptibility varies with field in the 
peculiar fashion shown in fig. 37. The effect is only 
observed in very pure single crystals of bismuth and 
gets stronger as the temperature is lowered. The 
theoretical explanation of this behaviour was given 
by Peierls and Landau, and it turns out that it can 
only occur with very special circumstances of inter- 
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action, so in a sense it is rather a fluke that it occurs 
at aU, and the effect has been found with only one 

other metal— zinc.* , r „ 

Superconductors provide our last example ot mag- 
netic curiosities. Certain metals, such as Ipd, tin, 
or mercury, at very low temperatures (usually below 
10 °K) become superconducting, that is to say they 
lose all their electrical resistance and can pass an 
electrical current without any electromotive force to 
drive it This leads to very remarkable magnetic 
properties. If a magnetic field is applied to a metal, 
Faraday’s law of induction predicts that circulating 
currents will be induced, so-called cc/rfy curreni^, 
which try to build up a counter field and keep the 
status quo as it were. Normally these eddy currents 
iust die away, owing to the electrical resistance of the 
metal, which dissipates their energy as heat. It, 
however, there is no resistance at all, the currents 
continue to flow. In this case, we can think of the 
metal as having zero magnetic permeability, tor the 
currents induced have a strength which is just sufficient 
to neutralize the magnetic field winch is being applied 
("these currents actually flow only on the surface ot a 
superconductor). In terms of susceptibility this means 
a very strong diamagnetic susceptibility : the induced 
currents keep B just zero, so we have ^-|-477i-U, 
or /=— i// 47 T. In other words, the diamagnetic 
susceptibility is 1 /47 t or about h- This is much greater 
than any other known diamagnetic susceptibility— 
10 000 times greater than that of bismuth, for instance, 
which is the most diamagnetic of ordinary substances. 

The property of superconductivity is destroyed it 
too large a magnetic field is applied, and since the 
critical field is rarely more than a few hundred 

» Since this was written, however, the cfTcct has been fotmd in 
two more metals, gallium and fin, so perhaps it occurs more geneially 
than suggested in the text, 
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gauss, the greatest diamagnetic magnetization that 
can be obtamed is not much more than 50 or so ; 
lor higher fields the currents responsible for the dia- 
magnetism die away, and only the usual feeble dia- 
or paramagnetism of the metal is left. 

It used to be thought that this extraordinary magnetic 
behaviour was just a consequence of the vanishing of 
electrical resistance, but more recent experiments have 
suggested tmt the high diamagnetism is an independent 
property. For instance, if a metal is made super- 
conducting by cooHng it in the presence of a magnetic 
^Id, it is found that the lines of force are pushed out of 
the metal (or in other words B becomes zero) at the same 
moment as it loses its electrical resistance, although in 
these circuimtances the zero permeability cannot be ex- 
plamed by Faraday’s law of induction (since only the 
temperature has been changed). To the scientist, one of 
the most mteresting aspects of superconductivity is 
that no one has yet found any real explanation of it, 
and so It provides a real “Tom Tiddler’s Ground” 
tor exciting new experiments, rather than a subject 
in which the research worker can only hope to dot 
the 1 s and cross the t’s of what is already known. 
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MORE ABOUT FERROMAGNETISM 

1. Direct evidence for spontaneously magnetized 

domains . . 

A ccording to Weiss’s interaction theory ol 

ferromagnetism, a piece of iron, or any 
ferromagnetic, is made up of smaU regions, each of 
which is spontaneously magnetized to saturation, it 
these domains have their directions of magnetization 
pointing more or less at random, the substance as a 
whole is unmagnetized, and a small magnetic field is 
required to produce a “ bulk ” magneti^tion ; if, 
however, there is any tendency for the domains to 
Doint in any particular direction, the substance will 
be magnetized even without any applied field, and we 
have a permanent magnet. In this chapter we ^all 
describe some of the evidence which shows that these 
domains really exist and then discuss wh^ factors 
decide the arrangements of the domains, piese ^e 
the factors which determine the shape of the whole 
magnetization curve of the ferromagnetic and so decide 
for what kind of technical uses it is most suited. 

If the magnetization curve of a ferromagnetic is 
highly magnified, it is found to be 
but made up of many irregular jumps (fig. 38). ims 
was first discovered by the German, Barkhausen, m 
an ingenious but indirect manner. He wound a coil 
round an iron rod, and connect^ed the through an 
“ amplifier ” to a pair of telephones. When the iron 
was magnetized by a gradually increasing field, a 
peculiar irregular rustling noise was heard in the tele- 
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phones, the noise being loudest at the steepest part of 
the rnagnetization curve. A more detailed analysis 
of this Barkhausen noise showed it to be due to the 
irregular form of the magnetization curve illustrated 
in fig. 38 ; at each little jump of the magnetization 
curve, an impulsive current is induced in the coil round 
the iron rod, and the rapid succession of these impulsive 
currents produces the observed noise in the telephones. 
This was proved by Bozorth (working in the American 
Bell Telephone Laboratories), who used an arrange- 
ment rather like Barkhausen’s but connected a 
measuring device — a cathode ray oscillograph — to the 
coil instead of telephones-. In this way he was able 
to estimate the size of the jumps shown in fig. 38. 
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Fig. 38.— If the magnetization curve of a ferro- 
magnetic is greatly magnified, it is found to 
consist of a series of small jumps, which 
correspond to sudden clianges of domain 
magnetization. 

The Barkhausen effect finds a very simple inter- 
pretation in terms of the domain idea, and so provides 
very direct evidence for its truth. As the magnetic 
field is iiicreased, a domain, whose magnetization is 
not pointing in the field direction, suddenly swings its 
magnetization direction into the field, and so produces 
a small jump in magnetization. Each domain requires 



MORE ABOUT FERROMAGNETISM 


109 


a certain critical magnetic field to swing it round, 
rather as a compass needle restrained by a very weak 
thread would require a certain critical field to snap the 
thread and jump round into the field direction. From 
the size of the jumps, Bozorth was able to estimate the 
size of the domains, assuming each domain to be 
magnetized to the known saturation intensity of the 
material. He found that the domain sizes were very 
variable, but their average size was about 10 cm. 
in the particular material he studied, and the bigg^t 
domains turned round while the steepest part of the 
magnetization curve was being followed. ^ 

Another line of direct evidence for the rea^lity ot 
domains was discovered by Bitter at the Massachussets 
Institute of Technology. He had the ingenious idea 
of sprinkling very fine iron filings over the surface of a 
polished piece of ferromagnetic, and when he examined 
the surface with a microscope, he found that the filings 
were arranged in complicated but regular patterns. 
These Bitter patterns depend very much on the sUte 
of the surface and the kind of material used, and they 
are best seen if a highly polished single crystal of the 
metal is used. Elmore, a colleague of Bitters, 
developed and perfected the experimental technique 
and obtained beautiful patterns of which typical 
examples are shown in plate I. The 
can be thought of as small permanent magnets, and 
the iron filings tend to settle where two of them come 
together, so that the pattern really revea s the arrange- 
ment of the domains near the surfiice of the iron crystal. 
To prove that this is the true interpretation of the 
pattS-ns, Elmore built up a model of little permanent 
magnet cubes placed side by side, and by sprinkling the 
surface of these cubes with iron filing, he was able to 
produce a pattern very similar to the maze patterns 
Ltually observed (see plate Ifc). Many other mgemous 
experiments have been made by Bittei, Elinor 
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Others to elucidate the arrangement of the domains 
in a ferromagnetic by this method. Although the 
real existence of domains has been placed beyond any 
reasonable doubt, there is still a lot to be cleared up, 
for the method can only give information about the 
state of affairs at the metal surface, and this may be 
very different from the interior of the material, and 
moreover depends very much on how the surface has 
been prepared.* 


1 third line of evidence on domain structure is 
less direct than the Barkhausen noise and the Bitter 
patterns— it is the success of the idea in explaining 
many of the detailed features of the magnetization 
curves of actual ferromagnetic materials. By a curious 
coincidence this line of evidence is also associated with 
a n^e begmmng with B, for it has been the German, 
^ecK^, who has been most responsible for developing 
me theory of how the domain structure influences 
me all important technical properties of a ferromagnetic, 
which are summarized in its magnetization curve. 
We shdl now give an account of the basic ideas 
benmd Becker s work. 


2. What decides the magnetization direction of a 
domain? 

There are three main factors which cause a ferro- 
magnetic to break up into domains, and which decide 
the arrangement of these domains. These factors are 
the shape of the substance, its crystal structure, and its 

mtemal mechamcal stresses ; we shall discuss these 
m turn. 


^ ® ^ ferromagnetic material 

were to be spontaneousl y magnetized with a single 

* Since this was written, Williams and BozarthThave shown th-it tho 
parti^lar form of the patterns found by Elmorl is dufto the 
Mical strmns set up by polishing. If polishing is doS the cSl 
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dir^tion of magnetization, the demagnetization effect 
explW m Chapter 3 would come into play, and 
the field of the poles developed on the surface of the 
piece would try to demagnetize it. In other words 
spontaneous magnetization of the whole piece would 
not represent a stable state of affairs, and the material 
must break up into domains in such a wav as to 
minimize the demagnetization effect. The theorv of 
how this breaking up takes place is very compficited 
and depends also on the other two factors which we 
have not yet considered. We cannot go any deeper 
into the question of how shape affects the domain 
arran^ment, but it is important to remember that 
this shape effect is basic, and that domains would 
still occur even if the other domain causing factors 
d^ not exist For our purposes we can ignore shape 
effects by always thinking of a shape in which de- 
iTiagnctiziiig effects are negligible — either a very long 
thin rod or a closed ring. In such cases the other 
two factors are dominant, and it is permissible to 
forget about the shape effect. 

All solid matter is made up of crystals, and within 
each crystal the atoms are arranged in a regular 
lattice. In iron and nickel this regular arrangement 
is a cubic one. We can imagine a large number of 
cubic boxes piled together in a regular way, and we 
get a picture of the lattice by supposing atoms to be 
placed at each cube corner, and also at the centre 
of each cube (in the case of iron), or at the centre of 
each cube face (in the case of nickel). These arrange- 
ments are illustrated in fig. 39. Any ordinary piece 
of iron or nickel is made up of a large number of such 
crystals put together, the cube edge directions of the 
various separate crystals pointing in arbitrary directions. 
The size of the single crystal grains within which the 
regular arrangement is preserved depends very much 
on how the material has been prepared ; by suitable 
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treatment the grains can be made very large, and it 
is possible even to make a whole piece of material 
into a single crystal grain, all having the same orien- 
tation. To get at the basic mechanism of any process, 
it is always simplest to consider what will happen in a 
single crystal, since the processes in an ordinary 
material niade up of many crystals (a so-called 
polycrystdlline material) will always represent an 
average over the properties of its constituent single 
crystals. ® 




(a) IPOM, BODY CENTRED 


u J.UC arrangement of the atoms in 

In each case only one so-called “ unit cell ” 

mt cell must be manned repeated indefin- 
itely in all directions. 


along a cube edge fa rif^ magnetized 

than in any S'Sn 
fig- 40, which shows ^ “ dlnstrated by 

Obtained with the tn7ie.'i^,3“ — - 
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directions : the cube edge direction, [100], the 
diagonal of a face, [110], and the diagonal of the 
cube, [111]. Somewhat similar curves are obtained 
with nickel, except that the easy direction is the cube 
diagonal, [111], direction instead of the cube edge. 
The natural explanation of these results is that the 
interaction forces which hold the atoms together in a 
regular lattice, make it more easy for the spontaneous 
magnetization to lie in a particular crystal direction 
(the cube edge in iron, the cube diagonal in nickel) 
than in any other. 



[100] direction is along a cube edge, the 
[110] along a face diagonal, and the [111] 
along a body diagonal. 
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Let US consider the case of iron in a little more 
detail. If we assume, as is suggested by the experi- 
mental results, that the easy direction is a cube edge, 
then in the unmagnetized state of a single crystal the 
spontaneously magnetized domains will all be mag- 
netized along cube edge directions. There are, of 
course, six such cube edge directions (since the mag- 
netization can point either way along each of the three 
cube edges), and in the unmagnetized state the crystal 
will be split into a large number of domains, with 
approximately equal numbers magnetized in each of 
the six easy directions, producing no net magnetization 
in any one direction. A sketch illustrating this 
arrangement schematically (but showing only four of 
the six possible directions) is shown in fig. Ala. Now 
suppose we apply a small magnetic field to the crystal. 
If the field is parallel to a cube edge, all the domains 



NO FIELD SMALL FIELD X LARGE FIELD 

/ APPLIED / applied 

a be 

Fig. 41. — Schematic illustration of the pro- 
cesses when a single crystal of iron is mag- 
netized along a face diagonal [110]. The 
arrows indicate the directions of magnetization 
of the domains. In practice the domain 
boimdaries would be more complicated ; for 
simplicity the third possible direction of 
magnetization (into and out of the paper) 
has been omitted. 
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will at once swing into this direction, and the crystal 
will be magnetized to saturation in very small fields, 
as is in fact foimd to happen. 

If the field is applied parallel to a face diagonal 
[110], however, the first thing that will happen is that 
the domain directions will swing into one of the two 
cube edges nearest to this face diagonal (fig. Alb) and 
will produce a net magnetization of l/\/2 or 0-7 of 
the saturation intensity (since the domain directions are 
then at 45° to the field direction). For further in- 
crease of field, the magnetization can only increase 
by the domain directions twisting out of the easy 
cube edge direction and if we suppose this requires 
expenditure of work, we can understand why the 
magnetization only increases gradually with field 
above 0-7 of saturation. A theory of this twisting 
process has been worked out, and it correctly explains 
the shape of the magnetization curve and shows that 
a certain field is necessary to complete the twisting 
process. When this field (about 500 gauss) is reached, 
all the domains lie along the field, having been twisted 
by 45° from the “ easy ” cube edge direction, and we 
again have saturation (fig. 41c). 

A similar argument explains what happens if the 
field is applied along the cube diagonal [111] direction. 
This direction is at 54° to a cube edge, and so the 
magnetization rises abruptly to l/VS (this is cos 54°), 
or about 0-58 of saturation, for a very small field, 
when the domains all take up one of the three cube 
edge directions pointing in the same sense as the field. 
Further increase of magnetization again requires 
twisting out of these “ easy ” directions, and so is 
more gradual. 

From these considerations, we see that a single 
crystal of iron is an “ ideal ” ferromagnetic along any 
cube edge direction, for.it is magnetized to saturation 
in very small fields. In other directions the single 
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crystal behaves “ ideally ” only up to magnetizations 
of 0-58 or more of the saturation and then is less 
easily ma^etizable. In a polyctystal (an ordinary 
piece of iron), the cube edge will have a different 
direction relation to the field in each grain, and we 
should get some sort of average curve, still rising very 
steeply up to about 0'58 of saturation, but requiring a 
field of a few hundred gauss to achieve saturation. 
So far,^ however, the theory gives no clue as to what 
determines the steepness of the steep part of the mag- 
neti^tion curve, or, for that matter, what decides the 
particular cube edge direction of any particular 
domain in the unmagnetized state. 

According to the theory as we have explained it up 
to now, the steep part should in fact be just vertical, 
for the smallest field should be sufficient to cause the 
swmgmg of domains into the easy direction pointing 
most nearly along the field. To understand what 
prevents the curve from being completely vertical in 
Its imtial part, we have to consider the factor of internal 
mechamcal stresses which we have so far ignored. 
No substance is completely free from internal stresses, 
and m fact we have over-idealized our picture by 
d^cnbmg a single crystal as a completely regular 
lattice of atoms. In reality, there are always irregulari- 
he either due to foreign atoms of impurities cf using 
regular arrangement, or because of 
shght m^hamcal stresses which break up the regularity 
and make the distances between atoms shghtly less in 
some places and sUghtlymorein others. We can roughly 

inTn stresses as squeezing up the lattice slightly 

m some places and stretching it in others * ^ 

domam magnetization is along either of these two 
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directions. We can see now that if the stretching 
direction varies at random all through the crystal 
(as it usually does) so too will the domain magneti- 
zation direction. The domains will still have their 
magnetization directions in one of the six cube edges, 
but at any particular place only two of the directions 
will be stable according to the direction of the local 
stress. When this stress direction changes sufficiently 
we go over from one domain to anotlier. 

The effect of stress in deciding the easiest directions 
of magnetization is closely tied up with an effect 
called magnetostriction. When a ferromagnetic is 
magnetized it slightly changes its length (by only a 
few parts in a million, usually), and this magneto- 
strictive change of length is all important in deciding 
the influence of a stress. If, for instance, as in iron 
magnetized along a cube edge, the length increases, 
stretching along a cube edge makes this the easiest 
direction. If, however, as in nickel, the length de- 
creases, the easiest direction is at right angles to the 
stretching. 

The effect of the internal stresses depends very much 
on how big they are. Jf they are very small, they 
merely decide which of the easy directions in the 
crystal are the easiest of all, and the steep part of the 
magnetization curve is no longer quite vertical, because 
a certain field is necessary to overcome the preference 
of the domains for their stress determined easiest 
directions. Becker has shown that the initial steepness 
of the magnetization curve can be estimated if the 
stresses and magnetostriction are known. It turns out 
that the very initial part of the curve corresponds to 
what Becker calls “ 90° domain changes.” In this 
part of the magnetization curve, the domains pointing 
nearest the field direction grow at the expense of 
domains with their magnetization at right angles, and 
the slope of the curve (the initial susceptibility) is 
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proportional to the square of the saturation mag- 
netization and inversely proportional to the magneto- 
striction and the average internal stress. For further 
increase of field (still on the steep part of the curve), 
we get “ 180° domain changes ” in which the domains 
with magnetization pointing along the field grow at 
the expense of those wiA magnetization at 180° 
(opposite to the field). It should be noticed that these 
two kinds of domains are equally favoured as far as 
stresses are concerned, and we have not yet explained 
why the 180° changes do not happen at once : we shall 
return to this question a httle later. The 180° changes 
are the ones which cause most of the Barkhausen 
noise and once they are complete, the magnetization 
ci^e gets much less steep and the twisting of domain 
directions sets in to complete the orientation process. 

If the stresses are big enough, the whole picture is 
rather modified, for then the stress effects may com- 
pletely predominate over the crystal effects. For a 
very strong stress, the domain direction becomes entirely 
determined by the direction of the local stress, even 
though this direction is no longer what would have 
been an easy direction in the unstressed crystal. In 
this case Aere are no longer just six easy directions, but 
the domains depend only on the stress directions, and 
can point m any direction whatever. The magneti- 
zation process is now somewhat different. If the 
apphed field is small enough it starts twisting the 
domain directions out of their stress determined 
durations more nearly into the field direction, and this 
again (in spite of the different process) leads to an 
mitial susceptibility proportional to the square of the 
satoation magnetization and inversely proportional 
to me magnetosMction and the average internal stress. 
This susceptibihty is, however, much smaller 
pre^aously, since we are supposing the stresses to be 
much bigger. As the field is further increased, it 
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initiates the 180° changes, when it is sufficiently large 
to make a domain pointing opposite to the field switch 
round O’ust as before, the local stress decides oiily the 
line of the domain direction, but not which way the 
magnetization shall point along the line) ; this is the 
steep part of the curve. In the case of a single crystal 
with small stresses the domain “jumps” became 
complete for a fairly definite magnetization and only 
then did twisting start, but here the twisting and 
jumping are inextricably mixed and, in fact, twisting 
of domain directions is the main process both before 
and after the steep part of the curve. 

When the stresses are neither too strong nor too weak, 
the magnetization process is a complicated combination 
of the crystalUne and stress effects, neither being 
predominant. In this case it is hardly possible to 
give any complete description, for the various effects 
already described are very much confused and take 
place simultaneously. The domain directions are 
partly decided by the crystal forces and partly by the 
stresses and no useful general theory can be given. 

3. The explanation of hysteresis 

The explanation of hysteresis is very closely tied up 
with the “ 180° domain changes ” which are involved 
in the steep part of the magnetization curve. We 
have already explained that in the absence of a field a 
domain is equally stable with its magnetization pointing 
either way along any particular line : the stress can 
determine only the direction of the line but not the 
sense of the direction along the fine. When a field is 
applied, only the direction in the same sense as the 
field remains stable (as with a compass needle), and it 
would seem at first sight that the domain magrietization 
direction should then always switch round if it was 
opposite to the field. In fact, however, this cannot 
happen until the field is big enough. 
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The domain magnetization direction cannot actually 
tim, for in turning it would have to pass through 
directions which were energetically not possible. The 
only way it can change from “ opposite ” to “ along ” 
IS by a boundary between the two kinds of domains 
movmg along, so that the “ along ” domain grows at 
me expense of the “ opposite” one which is at 180". 
ISow^ such a domain boundary between “ along ” 
and opposite ” domains has a certain energy associ- 
ated with It and if there is any irregularity of stress 
the bound^ requires a certain field to move it. A 
rou^ analogy is a buckled tin can bottom, which 
reqwes a certain force to buckle it from one stable 
posiPon to the other ; once this force is exceeded the 
can buckles over and no movement is caused by anv 
further mcrease offeree. ^ ^ 

of hysteresis. 

Most of me 180 changes are irreversible ; once the 
imhate these changes is exceeded, the 
f ^‘^cord, but wheA we 

uSm th? the change does not go backwards 
until me field has a sufiScient opposite value. This is 
very si^ar to our tin can bottom which, once buckled 

?emoviyL^r“®'^ ^ buckling force has been 
it u bas to be applied before 

rt bueWe back to its original position. We now 

g rough picture of remanence and coercive force 
Consider Ae case of “strong” stressS where rtf; 

"S ’^y’^be stresses, 

it tfter the substance has been saturated fall the 

domm magnetizations twisted into the field) the 
irreversiblv oecome along domains 

no 

This is Illustrated by fig. 42, which shows schemati- 
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cally the state of affairs originally and after the field 
has been apphed and removed. A simple calculation 
shows that if the original domain directions are distri- 
buted quite randomly, the remanence due to the 
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Fig. 42. — Schematic illustration of how 
remanence comes about when the domain 
directions are decided by local stresses. The 
original unmagnetized state is shown in (a). 
When a strong field H is applied, all the dir- 
ections line up with the field as in (6) and 
saturation is obtained. When the field is 
removed (c) the magnetizations of the do- 
mains point along the same directions as in 
(a) but now all have the sense imposed on 
them by the field, and the material has a 
remanence of about half the saturation 
magnetization. 


absence of ** opposite” domains is just half the satura- 
tion magnetization. This is indeed the usual sort of 
remanence obtained, but it is often appreciably d^erent 
from half because of special circumstances which cause 
“ preferred ” directions for the domains (usually due to 
the stresses not being random). For instance, if only 
two domain directions are possible, “ along arid 
“ opposite ” some particular line, the remaneiice will 
be 100 per cent, of the saturation magnetization, all 
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4. Special magnetic materials for special purposes 
We shall see in Chapter 8 that the industrial and 
technical applications of magnetism nearly always 
involve the use of ferromagnetic materMs, and in 
every case it is very important to use the right kind of 
material for the particular application concerned. 
Broadly speaking, there are two lands of applications, 
the one requiring ma^etically soft materials with 
a very high permeability and as little hysteresis as 
possible, and the other requiring magnetically hard 
materials with a very high remanence and very hi^ 
coercive force, or in other words as much hysteresis 
as possible. To meet these opposite requirements a 
great variety of special materials has b^n develop^ 
and the theory of domain structure, which is basic in 
explaining how the properties depend on the method of 
preparation, has been a useful guide in this development. 

One of the biggest uses of soft ferromagnetic material 
is for the cores of coils either in electrical transformers 
or in electrical machinery (such as dynamos and motors). 
We shall give a short account of the transformer 
problem, since the requirements of the ferromagnetic 
material in a transformer core are very similar to those 
for the other applications, A transformer is an 
arrangement of two coils wound close to each other, 
so that if there is a changing current in one coil (the 
primary coil) a changing E.M.F. is induced in the other 
(the secondary coil). If the primary coil has few 
turns and the secondary many turns, a low alternating 
E.M.F. applied to the primary will produce a high 
alternating E.M.F. in the secondary, and we have a 
“transformation” of the voltage. The efficiency of 
the transformation is much improved by introducing a 
common core of a high permeability material such as 
iron into the two coils, and it is the choice of the best 
material for such a core with which we are concerned. 
Such transformers have a great many uses, both, in 
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what is called '* hea\y current” engineering and also 
in “ light current ” engineering. 

Traristbnners play an essential part in the “ heavy 
current " problem of electrical power distribution for 
running factory machines and for ordinary domestic 
purposes. Such power is most economically trans- 
mitted at high voltage (E.M.F.) and relatively low 
current, for this enables relatively thin, and therefore 
cheap, wires to be used for the transmission, but it 
can bo produced and used conveniently only at rela- 
tively low voltage and high currents. Large trans- 
formers are therefore needed at both ends of the 
transmission lines ; ” step up ” transformers at the 
producing end which raise the voltage and reduce the 
current, and step down ” transformers at the con- 
suming end, which again reduce the voltage to a 
conv enient size, and enable high currents to be drawn 
out. Such transformers are often huge and expensive 
equipments (see plate Yllla) and represent a large 
capital outlay, so efficient design is of considerable 
economical importance. 

We cannot go into any detail of the design problem, 
but an important characteristic of the ferro- 
magnetic core of the transformer is that it should 
have as high a permeability as. possible (that is to say, 
its magnetization curve should rise up to as high a 
magnetization as possible, which means that the 
saturation intensity should be high). Also the hys- 
teresis and the eddy current losses in it (see below) 
should be as small as possible, and finally it should be 
cheap. >jnce the core material represents an appreciable 
fraction of the whole cost of the transformer. The 
imponance of hysteresis is that every time the alter- 
nating current in the primary coil goes through one 
cycle the core material magnetization goes right round 
the livsieresis loop of its magnetization curve. This 
involves a loss of energy which is proportional to the 
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area of the loop, and so wastes power. A similar waste 
of power is caused by the eddy currents induced 
in the core by the alternating magnetic field of the 
primary coil. These eddy currents can be greatly 
reduced by breaking up the core into laminations, 
electrically insulated from each, and also by using a 
material of as high an electrical resistance as possible. 

Iron is both the cheapest ferromagnetic material 
and also the one with nearly the highest saturation, 
so it is nearly always the main constituent of the core 
materials for large transformers, where cheapness is 
all important. In order to increase its electrical 
resistivity, it is usually alloyed with from 2 to 4 per 
cent, silicon (this brings down the eddy losses). In order 
to reduce the hysteresis and to make the magnetization 
curve steep, it is essential to reduce tbe internal stresses 
as much as possible. This is achieved by anneahng 
it at a high temperature and also by keeping it as pure 
as possible. One interesting modern development is 
to treat it in a special way (a combination of rolling it 
and annealing it) which makes it grow practically 
into a single crystal. When the treatment is successful 
the cube edge of the crystal is nearly along the rolling 
direction, and so if the sheet is magnetized in this 
direction, we get the nearly ideal properties of a 
single crystal along the cube edge. 

During the last 20 years there has been an enormous 
reduction in the total power losses of such transformer 
steel sheets as a result of intensive research. From 
about 1'7 watts per lb. (at 50 cycles) in 1906, the total 
power loss has come down to 0-2 watts per lb. to-day.* 
A typical large transformer contains several tons of 
core material, so that a loss of 1 watt/lb. represents 
about 10 kilowatts, which would cost several hundred 
pounds a year. If we multiply this cost by the number 

* These figures are for a maximum induction of 10,000 gauss ; the 
loss goes up rapidly as the maximum induction is increased. 
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of transformers in this country (which runs into tens 
of thousands), we see the economic importance of 
reducing the losses, since these losses are almost 
entirely wasted in the form of useless heat, which has 
to be removed by cooling with circulating water. 

In “ light current ” engineering, the transformer 
problem is rather different. Here we are concerned 
with &e small transformers such as are used in radio, 
and since the currents in the primary are usually very 
small, the saturation need not be so high. On the 
other hand, high permeability is very important, and 
it pays to use a material with as high a permeability 
as possible even if the saturation magnetization is low. 
An atoost ideal material has been found in an alloy 
containing 80 per cent, nickel and 20 per cent. iron. 
Nickel is much more expensive than iron but here 
cheapness is a secondary consideration because the 
size of the transformer is small, and only a small 
amount of material is used. The particular suitability 
of this material is on account of its very low magneto- 
striction, and, if suitably heat treated, its internal 
stresses too can be made very small, so that an enormous 
penneability can be achieved. The hysteresis losses of 
this alloy are very small and since it has high electrical 
resistance, so too are the eddy current losses. This 
kind of material, of which permalloy is a typical 
example, although suitable for light current engineer- 
mg, would be quite unsuitable for the large trans- 
formers of heavy current engineering, both because 
of its cost, and also because of its low saturation 
(only about a third of iron), which means that the 
hi^permeability is effective only for low magnetization. 

The very opposite of magnetic characteristics are 
required in the hard materials used for permanent 
magnets. Here the hysteresis must be made as high 
as possible and we must get as high as possible a 
coercive force and remanence. We have seen that 
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the remanence is usually about half the saturation, 
but is otherwise not very dependent on the nature of 
the material, while the coercive force increases with the 
irregularity of the internal stresses. The amount of 
irregularity of these stresses can be greatly increased 
by alloying iron with certain other metals and heat 
treating the material in such a way that the different 
kinds of atoms are as irregularly arranged as possible. 
This can be achieved by a rather rapid cooling of the 
hot alloy from a high temperature, but the particular 
conditions depend very much on the particular alloy. 
In this field, progress has often been achieved by 
“ cookery book ” methods rather more than by cold 
scientific reasoning, though in recent years the theoret- 
ical developments outlined in this chapter and X-ray 
studies of atomic arrangements in various alloys have 
guided progress a good deal. 

Before 1910, the best permanent magnets were 
made of glass-hard carbon steel ; they were very 
weak by modern standards and lost their remanence 
very easily if shaken or heated. Then came the 
tungsten steels and (when tungsten was in short supply 
in war-time Germany), the chromium steels — alloys 
of iron with a few per cent, of tungsten or chromium. 
In 1917, the Japanese Honda and Takei found that 
cobalt steels were even better, but the biggest advance 
of all has come out of the accidental discovery in 1931 
by another Japanese, Mishima, that aluminium iron 
alloys had good permanent magnet properties. Con- 
siderable progress has been made since Mishima’s 
work, and modern permanent magnets are usually 
very complicated alloys containing iron, aluminium, 
nickel, cobalt, and other metals ; their quality as 
measured by the product of the coercive force and the 
remanence is as much as five times better than that of 
tungsten steel (see fig. 35). It should be noticed that the 
improvement is usually obtained by a series of com- 
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promises, for usually in adding other metals to iron the 
coercive force can be increased only at the expense of 
reducing the remanence (which depends on the satura- 
tion magneti 2 ation). It is by no means certain that the 
last word has been said in the matter of improving 
permanent magnets, since for instance, it was recently 
found that an alloy of iron and platinum, suitably 
heat treated, had a coercive force five times as great 
as the best ordinary materials. Although such an 
alloy is ruled out for most purposes on account of the 
cost of platinum, it does raise the hope that there may 
be other suitable alloys which have not yet come to 
light. 

5. More about permanent magnets 

The names “ hard ” and “ soft ” applied to magnetic 
materials have more than a figurative meaning, for it 
turns out that the mechanical properties of a material 
are to some extent governed by the same factors which 
determine the magnetic quality. Thus a soft mag- 
netic material, such as is suitable for a transformer 
core is actually rather soft in a mechanical sense too, 
and, for inst^ce, bends easily, whUe the hard 
magnetic material of a permanent magnet is also very 
hard in a mechanical sense, being brittle and almost 
impossible to machine on a lathe. This leads to diffi- 
CTdties in the construction of permanent magnets. 
Since machining is ruled out, the magnet has to be 
cast into almost its final shape from the molten alloy 
and then ground to give it its finished form. This 
procedure means that not every conceivable shape of 
magnet can be achieved, and close contact between 
the customer and manufacturer is necessary in order 
that the customer’s particular requirements may be 
adjusted to the manufacturing possibilities. 

When a permanent magnet is first produced' it is 
almost completely unmagnetized, and to give it its 
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final property of being a permanent magnet it must 
first be magnetized. This can be done by first sat- 
urating it in a large magnetic field, and then remov ing 
the field, so that the magnet is left with its remanent 
magnetization. This is usually achieved by winding 
a few turns of wire round the magnet and passing a 
huge surge of electrical current through the wire. The 
magnetic field of the current at its peak value is enough 
to saturate the material (for modem alloy magnets as 
much as 10,000 gauss is needed) and when the current 
(and its magnetic field) has died away, the material is 
left with its remanent magnetization (or rather less 
due to demagnetization effects), and is ready for use. 
With modem permanent magnets, the magnetism is 
really very permanent and is hardly affected by violent 
mechanical shocks, although witih the old tungsten 
steels such shocks could reduce the magnetization very 
seriously. This is important in many practical uses 
of permanent magnets, where mechanical shocks and 
vibrations are unavoidable. 

An interesting illustration of the way permanent 
magnets behave is provided by the little horse-shoe 
magnets which manufacturers use to advertise their 
wares (see plate VI6). These magnets are given away with 
a keeper — a small bar of ordinary iron which .bridges the 
gap between the pole pieces. When the keeper is in place 
the whole magnet forms a closed ring, and if it is 
magnetized with the keeper on, the full remanence is 
achieved, for there are no poles anywhere to produce 
a demagnetizing field. In this state the keeper is held 
on very tightly and a considerable force is needed to 
pull it away (this force is estimated in Chapter 8, and 
amounts to several potinds), thus displaying what the 
permanent magnet can do. 

Once the keeper has been pulled off, however, the 
demagnetizing field of the exposed poles comes into 
play and the magnetization of the magnet falls off— 
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we move in fact from A to B on the characteristic curve 
of the material (fig. 44). If now the keeper is replaced 
tte demagnetizing field is destroyed, but there is some 
hysteresis and the magnetization follows a lower 


A 

A' 

t 

I 


Fig. 44.— When the keeper is removed from a 
permanent magnet which has been mag- 
netized with the keeper in position, the 
mgnetizaUon drops from A to B, owing to 
the dema^etizing field of the open poles. 
It now the keeper is restored the magnetization 
nses agam but only to a value A' lower than A. 



curve and returns only to A' below A. The keener 
can now be puUed off with rather less force andXs 
15 qmte easily felt wthout any special measuring device. 
i?2,aS® experiment brings out an important point 
m ma^et construction. In many uses of permanent 
magnets vanous pieces of ordinary iron are involved 
bndging as much of the air gap between the poles as 
IS permitted by the detailed design, in ord“ to ?eduS 

in ordCT ^ possible. Now, 

1 ? 1 ? tsStS Zt ?h Pf magnetization 

w'th ^1 ^ should be magnetized 

SSr^se positions, for 

^ magnetization (such as A') 

u Once the whole arrangement has 

been fully magnetized, it must not be taken to nieces 
and re-assembled or else the magnetization will differ. 



MORE ABOUT FERROMAGNETISM 131 

In conclusion, we may mention some other pretty 
demonstrations of the power of modern permanent 
magnets. As has already been explained, the import- 
ance of the high coercive force of a modem permanent 
magnet is that it permits the use of a shape with a 
relatively large demagnetizing effect, without reducing 
the magnetization as much as would happen with 
lower coercive force. This means that a rather short 
and thick bar magnet can be made with high pole 
strength, or more technically, the ratio of pole 
strength to weight can be made very hi gh m a modem 
magnet. Consequently magnets can be made so 
strong in relation to their weights, that the repulsive 
force between two ma^ets when they are placed one 
above the other with like poles nearest each other, is 
enough to hold the upper magnet floating quite high 
above the lower. The upper magnet must move in 
vertical guides or else it will swing round and be 
attracted instead of repelled, and fig. 45 illustrates a 



Fig. 45. — ^The floating magnet trick : a 
modem version of Mahomet’s cofiBn. 


typical arrangement for demonstrating this modern 
version of “Mahomet’s coffin.” In some variants of 
this floating magnet trick, the lower magnet is concealed 
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SO that to the uninitiated the floating appears quite 
mysterious.* 

Another trick with two short magnets is illustrated 
in fig. 46. If one of the magnets has a rectangular 
cross-section it can, if placed with an edge on a rough 



ROUGH SURFACE 


Fig. 46. — ^The nodding magnet trick. 


surface, be made to tilt up in the way shown (friction 
at the supporting edge prevents it turning round, if 
the magnet is carefully ii^nipulated). If slightly dis- 
turbed, it rocks about its equilibrium position in a 
very amusing fashion. We may mention also a trick 
with a strong horse-shoe magnet ; if the magnet is made 
to attract its keeper through a handkerchief or a piece 
of paper and is then pulled along this surface, it 
drags its keeper along with it, in a series of jumps, the 
keeper turning over and over as it moves along. Try 
it and see. 


One final word of warning : if you should really try 
any of these tricks, or for that matter any other experi- 
ment which brings you into a strong magnetic field, 
first remove your watch. The hair spring can easily 
become magnetized if brought into a field, and since it 


« striking version of 
Mahomet s coinn l^s been demonstrated by Arkadicv in Moscow 
(and reproduced also in Ctobridge). If a shill powerful magnet ^ 
n of a superconducting trough (see Chapter 4. 

liquid hdmm which keeps the superconductor 
rf ttes^Lndurtor'®^ produced by the diamagnetism 
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is usually made of a hard steel, it will subsequently 
retain some magnetization which can quite upset the 
time-keeping of the watch. If this should happen, the 
trouble can be repaired by hanging the watch on a 
thread, spinning it in a coil through which alternating 
current passes, and slowly withdrawing it. The alter- 
nating magnetic field of the coil, which disappears 
smoothly as the watch is withdrawn, is applied to the 
spring in all possible directions (by the spinning motion) 
and removes the retained magnetization very effectively. 



Chapter Six 


THE EARTWS MAGNETISM 
1 . ne Earth's magnetic field 

I T is the magnetism of the earth which makes possible 
the use of a compass needle for navigation — ^the 
first practical application of magnetism, and much of 
the early scientific work was concerned with clarifying 
the nature of this terrestial magnetism. More recent 
work has shown that it is important not only in this 
particular practical application, but also in such 
apparently unconnected topics as wireless transmission, 
the behaviour of cosmic rays and prospecting for 
minerals. In this chapter we shall deal mainly with 
the fimd^ental aspects of terrestial magnetism, leaving 
the practical applications to the following two chapters. 
We shall try to give the answers to such questions as 
how strong is the earth’s magnetism, how it varies 
from place to place and with the passage of time, 
and to what extent other heavenly bodies, such as the 
sun and the stars, show a similar magnetism. 

The invention of the mariners’ compass cannot be 
traced, but already in the 11th century 
the Chinese, Shen Kua, wrote a very clear account of 
me remarkable properties of a “ south pointing needle ” 
floated m water on a bamboo stalk*. He was not 
only aware of its property of pointing in a definite 
direction, but also that this direction was not exactly 
nom and south, and he gives a precise statement as 
to the size of this declination (see p. 14 0). Probably 

Ik wntten, new historical research has shown that nm- 

bably the Chinese used the compass many hundred years before to" 
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the compass was known and used well before this 
first documentary evidence, but it is not, as is sometimes 
said, the same as the “Chariot of the South” first men- 
tioned in a Chinese document of A.D. 100. This would 
indeed be an appropriate name for the magnetic 
compass, and Kipling makes use of it in “ Puck of 
Pooks Hill,” but historical research proves that the 
“Chariot of the South” was some sort of mechanical 
contrivance which made no use of magnetism at all. 

From China, knowledge of the compass soon reached 
Europe, probably through the medium of the Arabs, 
who were the great seafarers of that time, and in 1187 
Alexander Neckham of St. Albans had already described 
the use of a compass for navigation. Much more detailed 
documentary evidence of knowledge about the compass 
occurs in a letter from Peter Peregrinus to a friend 
in 1269. Peregrinus was one of the first scientists of the 
modern school, who preferred experiment to speculation; 
he had been a pupil of Roger Bacon in Paris, and Bacon 
said of him : “ what others see dimly and blindly, hke 
bats in twilight, he gazes at in the full light of day, 
because he is a master of experiment.” In his letter 
he describes how a sphere of lodestone, if floated on 
water, always sets itself north and south “ and if this 
stone be moved aside a thousand times, a thousand 
times will it return to its place or position by the dir- 
ection of God.” He also showed that if a steel needle 
was brought close to his lodestone sphere, it set along 
a definite direction, and the lines along which it set, 
if joined up, traced meridians on the sphere, meeting 
at two points (which we now call the magnetic poles). 

Much later, in 1600, William Gilbert, who was phy- 
sician to Queen Elizabeth, considerably extended 
Perigrinus’s observations and interpreted them. In 
his treatise “ De magnete ” he correctly inferred from 
his experiments that since a compass needle set itself 
approximately along lines of longitude on the earth’s 

K 
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sx^ace, the earth must itself be a magnetized sphere, 
^ s^e version of Peregrinus’s lodestone sphere. 

This idea that the earth is a magnetized sphere, 
onns a convement starting point for answering our 
questions about the strengdi of the earth’s field and 
Its variation from place to place. It can be shown 
mathematically that a uniformly magnetized sphere 
Ms a ma^etic field outside itself which is exactly the 
same as the field of a magnetic dipole placed at the 
centre of the sphere, provided this dipole points the 
same way as the sphere’s magnetization and has the 
smema^euc moment. The field of such a dipole is 
exactly calculable, and it is found that if its strength 
and direction are correctly chosen, it does indeed 
roughly reproduce the actual magnetic field at the earth’s 
surface, and its variation with geographical position. 
To define a magnetic field at any place completely, 
we need to specify three quantities, because of the 
vector character of a field, and these quantities can 

We may, for instance, 
P of the field and two angles to 
define its duection, or (as is more usual) the horizontal 
and vemcal coinponents of the field, and the direction 
component in a horizontal plane. 

The field at the earth’s surface of a dipole placed at 
easily calculated ; if Jlf is its magnetic 
m^ent, then the horizontal component, H, and the 
vertical component, V, are given by 

H= M cos e/a^ V=2Msm eia^ 
jhtTo a IS Ae radius of the earth, and 6 is the magnetic 
latitude. Before gomg on, a word of explanation is 
about the meaning of magnetic latitude. 
Tfie magnetic poles of the earth (where the direction of 
the dipole meets ^e earth’s surface) are not exactly 
at the geographic^ poles (where the axis of the earth’s 
rotation nieets the earth’s surface). The magnetic 
latitude IS just the angle round the earth’s surface from 
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the magnetic equator (the great circle equally distant 
from the two magnetic poles) ; this is slightly different 
from the geographic latitude (see fig. 47). 

As we shall see in a moment, all the magnetic 


Ng 



Fig. 47. — The geographical poles are at Ng 
and Sa, the magnetic poles at Nm and Sm 
( but note that Nm is really a south, and Su a 
north magnetic pole, if the earth is regarded 
as a magnet). The magnetic equator is a 
great circle perpendicular to the polar axis 
NmSm (NmOM is a right angle), just as the 
geographic equator is perpendicular to NgSg 
(NgOG is a right angle). The latitudes of 
any point P are defined by the angles POG 
which gives the geographic latitude and POM 
which gives the magnetic latitude. The curves 
through P are great circles each of which 
passes also through one pair of poles. Longi-^ 
tude is measured by the angle which the plane 
of such a great circle makes with the plane of 
a fixed great circle passing through Greenwich. 
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characteristics ^ of the earth are slowly changing, and 
the exact positions of the magnetic poles change slowly 
too ; Amundsen in 1904 was the first to locate the 
magnetic north* pole and he found it at Felix Boothia 
(geographical latitude 70 °N and longitude 97 °W) by 
observing that a magnetic compass showed no pre- 
ference for pointing in any particular direction at that 
place. A recent survey (1945) by the R.A.F. taking 
observations from the Lancaster “Aries” aeroplane, 
has shown that the pole has shifted about 300 miles 
N.N.W. and is now in Bathurst Island, so- we must 
bear in mind that magnetic latitude at any place is 
not a feed quantity, but changes appreciably even in a 
smgle hfetime. 

Coming back to our formulae for H and V, let us 
see what they mean in practice by working out some 
sunple examples. The magnetic latitude of London 
at present is about 54° (slightly different from the 
geographical latitude, which is 52°), and if we put 
Af/fl^=0'32 gauss (this turns out to be the best value 
to choose) we find for London, H=0 32 cos 54°= 
0-19 gauss and F=0-64 sin 54°=0-52 gausst. At the 
magnetic equator, where 6=0, fl'=0-32 gauss, while 
V=0, and at the north magnetic pole, where 0=90°, 
H=0, while F=0‘64 gauss. Thus, as we go up from 


* The nomenclature here is a little confusing, for actuaUy as pointed 

gMgraphic north pole is really magnetically a south pole, since it 
attracts the norOi pole of a compass needle. The word no^ in the 
text IS u^ m the geographic sense. A further complication is that 
mgnetic pole depends on whether the irregu- 
lanties of the e^ s field are considered or not. Thus if the earth 
WMe really a umforaily magnetized sphere, the north and soSh mg- 

opposite, while actually the soutii 
David in 1908) is at about 
Ivoidrorfmtom ’ complications to 

t Actually the measured values are ^r=0-19 gauss and 

^scr^ancy in V is again due to the roughness of the 
assumption that the earth is a uniformly magnetized sphere. 
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the magnetic equator to the north magnetic pole, 
the horizontal component falls off steadily from its 
highest value, 0-32 gauss to zero, while the vertical 
component increases steadily from zero to its highest 
value, 0-64 gauss. Notice, too, that the earth’s field 
does not depend on the magnetic longitude (though, 
of course, it does depend slightly on geographical 
longitude, because the magnetic latitude varies slightly 
as we go geographically east or west from any point. 
T he streng th of the earth’s total field is given by 
(from the usual rules of vector addition) 
and is about 0-56 gauss in London ; its biggest value 
is 0-64 gauss at the north magnetic pole, where it is 
entirely vertical, and it is least at the magnetic equator 
where it is 0-32 gauss and entirely horizontal. 

The fact that there is a vertical as well as a horizontal 
component of the earth’s field means that the resultant 
magnetic field points at an angle to the horizontal. 
Thus if we arrange a carefully balanced magnetized 
needle so that it can rotate in a vertical plane (as 
distinct from the usual compass needle which is arranged 
to rotate in a horizontal plane), the needle of this dip- 
circle, as it is called, will come to rest at an angle to 
the horizontal. If the plane of the dip-circle is twisted 
to point to the magnetic north (or in other words is 
placed in the magnetic meridian), the needle actually 
points along the resultant direction of the earth’s 
field, and its angle to the horizontal is called the dip 
angle. This dipping of a magnetic needle was first dis- 
covered by Robert Norman in 1576, even before Gilbert 
had pointed out that the earth was a magnetized sphere 
(once this is assumed, the dip is an obvious consequence). 

The dip angle is easily calculated if we know H and 
V, for if the dip angle is cf>, then 

tan^ = VI H 

From our formulae for H and V, we see that : 

ta.n(f> = 2 tan<? 
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dip angle in 

the tanffp^f^f whose tangent is twice 

AUpS^S T ^ to be 70“. 

^ernatively we could have obtained the same result 

trom the numerical values H=019, V=0-52 which 

nJticei\htr?i,''"d- ^=70-.^t shouW be 

ot S,f“ f dip mcreases steadily from zero 
at^e equator to 90° at the north magnetic pole. 

horizontal component of the 
“ towards the north magnetic 
courW «p.tc^ horaontal compass needle (which, of 
dflf ^long the direction of H) does not 
a g£?graphical or true north, but at 

of ^ 1 ® ’between the direction 

far^£^ tte true nor& is caUed the declination or 
eation evidently very important for navi- 

Ln known at every place, 

show wliirE compass be properly corrected to 

snow winch direction is true north. In nrinciole the 

poles oPtliP J'^®, exactly where the magnetic 

were located, but actuaUy the cal- 

tion that ^^®’ ^®<^iise our basic assump- 

is Ltv ^ uniformly magnetized sphere 

the assiimiift^^ approximate nature of 

ve^v a calculation 

^ the declination is found by 

and true^nlUrtf^? between the magnetic 

Snst^i^tM at very many places, and charts are 
ioined hv places of equal declination are 

io?tniir?^«f ^ ^^Sonic lines, rather like the 
^tours of equal height on an ordinary map. A 
typical isopmc chart is shown in fig. 48 and if the 
navigator Imows Ws rough position, he can read off 
tile approximate declination from the chart and s o 




Fig. 48.— Isogonic chart. Each cu^e (an isogonic line) 
corresponds to a certain value of declination (marked on it). 
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deduce the true north direction from his compass 
reading and decide which way to steer his ship. 

As we might expect, the declination gets smaller as 
we go further away from the poles, but even in England, 
it is not by any means negligible, being about 11°W 
in London at the present time. Near the magnetic 
poles the declination can be very large and varies 
rapidly with position, for evidently if we travel in a 
sinall circle round the north magnetic pole, the de- 
clination will vajy from zero, when we cross the 
geographical longitude of the magnetic pole on the 
south side, to 180° when we cross the same longitude 
on the north side (at this place a compass needle would 
point just opposite to the true north). A great com- 
plication in navigation is that the declination changes 
slowly with time ; thus the declination in London 
has decreased steadily from about 24^° West in 1815 
to its present value of about 1 1 ° West. This means that 
isogonic charts must be brought up to date every few 
years if they are to be of much use for reliable 
navigation. 

2. The origin of the earth's magnetism 

In order to answer the next question, about the 
origin of the earth’s magnetism, we return again to the 
question of its magnitude. We saw that, to make 
calculation agree with observation, we had to choose 
Mja^=0-32 gauss. Now, the radius of the earth is 
6-4 X 10® cm. (about 4,000 miles), so we get for M, 
the strength of the dipole which would give a field at 
the earth’s surface equal to that actually observed, 
a value of about 8 x 10®*. Observations at the surface 
of the earth caimot tell us whether this huge dipole is 
really concentrated at the centre of the earth or whether 
it is spread uniformly through the volume of the earth 
(if the earth were uniformly magnetized). Actually, 
it is very unlikely that it can really be concentrated 
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at the centre, because, as we saw in Chapter 4, the 
highest intensity of magnetization of any material is 
about 1,600 per cc., so the magnetic moment of the 
earth to have its huge value of 8 x 10®®— would 
have to occupy a volume of at least 5 X 10^® cc. 
which corresponds to a sphere of radius at least ^ of 
the earth’s radius. If, on the other hand, the mag- 
netization was uniformly spread through the earths 
volume, the intensity of magnetization would have 
to be about 0-07. 

At first sight this seems a reasonable enough sup- 
position, but again more detailed considerations raise 
great difficulties. Direct experiment shows that the 
surface layers of the earth are not magnetized to Any- 
thing like an intensity of 0-07, and moreover it is 
known that the temperature rises rapidly as we go 
into the interior of the earth, which makes it unlikely 
that the magnetization will be higher there (since 
ferromagnetic magnetization decreases with tempera- 
ture rise, as we saw in Chapter 4). An ingenious 
suggestion to explain away the difficulty is to invoke 
the pressure increase which occurs towards the interior 
of the earth. It has been suggested, in fact, that the 
molten core of the earth contains a great deal of 
or other ferromagnetic material, which, on account of 
the high pressure, has a much higher Curie temperature 
than ordinary ferromagnetics, and so is able to retain 
the required intensity of magnetization. Unfortunately, 
laboratory experiments, as far as they go, show that 
the pressure effect works the wrong way, lowering 
rather than raising the Curie temperature. So if this 
suggestion is not to be discarded, we must suppose 
that the trend observed at the relatively low pressures 
attainable in the laboratory, reverses at the much higher 
pressures in the interior of the earth — but this is mere 
guesswork, since there is no theoretical reason for such 
a reversal. 
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A quite different, though almost equally speculative 
attempt to explain the earth’s magnetism is to suppose 
that it is due to electric currents circulating round the 
earth s axis in the interior of the earth. No very 
coi^inciQg explanation has been worked ■ out of how 
such currents might have started, and it is difficult 
to see why they do not decay fairly rapidly due to the 
electrical resistance of the earth’s core. Now there is 
actually some evidence suggesting that the magnetic 
moment of the earth (and so also the earth’s field) has 
decreased by about 3 per cent, during the last hundred 
decrease is put down to decay of 
ti^ hypothetical electrical currents, we can estimate 
what the electrical resistance of the earth’s core would 
have to be. The calculation shows that it would have 
to be much lower than it is actually known to be for 
the outer layers of the earth, so again we must either 
make the ad hoc assumption that conditions in the 
interior of the earth are very different from those ia 
the outer layers, or assume that the currents are 
partially prevented from decaying by some other 
mechanism. 

difficulty arises ifwe follow the electric current 
simplest form to its logical conclusion ; 
for if the currents have decayed by 3 per cent, in the 
last hundred years, it is easy to see that they must 
ha.ye been much larger still longer ago. The decay 
follows what is called an exponential law, and we can 
deduce that two thousand years ago the earth’s field 
to be twice as big as it is now, while 
a milhon years ago (and it is known that the earth is 
certamly older than this) it would have been astro- 
noimcally large — a number with more than a hundred 
zeros after it ! This is fantastically improbable if only 
because the enormous currents producing this field 
would have generated more than enough heat to 
vaporize the earth. We must suppose then, either 
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that the currents started circulating only comparatively 
recently— say some tens of thousands of years ago, 
or that they are not really decaying according to an 
exponential law. 

Various ingenious theories have been proposed 
to account for a continuous maintenance of the currents, 
invoking mechanisms based on the earth’s rotation, 
but they are all too speculative to carry much con- 
viction. So after all, there seems to be no very good 
answer as yet to our question about the origin of the' 
earth’s magnetism. There are almost equal difficulties 
in supposing the basic cause is permanent magnetism 
within the earth’s core or that it is electric currents 
circulating inside the earth. Probably the balance of 
evidence is slightly in favour of the electrical theory, 
but much still remains to be done before this riddle, 
one of the oldest still left obscure, can be regarded as 
solved. 

3. Departures of the earth's field from that of a uniformly 
magnetized sphere 

Up to now we have considered the earth’s magnetism 
as if it could be entirely described in terms of a 
uniformly magnetized sphere (or an equivalent dipole 
at its centre), but this is by no means the whole story. 
First of all, there are considerable irregularities of the 
field as we move from one place to another, as well 
as the smooth variation to be expected from a uniformly 
magnetized sphere. These are due to a variety of 
causes ; there are gradual irregularities due to 'the 
earth not being exactly spherical and not being 
exactly uniformly magnetized, and there are local 
irregularities due to the presence of magnetic ores 
close to the earth’s surface (these latter irregularities 
are of importance in prospecting for oil and noinerals, 
as we shall explain in Chapter 8). It is these irregu- 
larities, and particularly the gradual ones, which are 
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responsible for the rather irregular nature of the 
isc^onic chart (fig. 48), for if the earth were exactly 
spherical and exactly uniformly magnetized, the 
isogonic lines would be exactly calculable, and would 
have a much more regular appearance. 

Quite another kind of irregularity is that the earth’s 
magnetism also vanes with time, and varies, moreover, 
in a very complicated fashion. We have already men- 
tioned that there is a slow variation with time, both 
of the magnitude of the field and of its direction. 
This slow time, or secular variation, as it is called, 
has been known for a long time ; Henry GeUibrand of 
Gresham’s College in London first noticed the slow 
vanation of declination in 1634, the slow variation 
of dip was also discovered in the 17th century, and that 
of H and V themselves (and therefore of M) dates 
from the last century. It is very likely that these 
secular variations are associated with the same 
causes that are responsible for the main field, and 
their origin is as much of a mystery as is the main 
part of the magnetism itself. 

More careful measurements in recent times have 
shown that in addition to these secular changes there 
^ also more rapid variations of the field with time, 
^ese changes are very small (usually only a few parts 
m a thousand of the main field, or less) but have proved 
very^ important from a scientific point of view A 
detailed analysis of the earth’s field as a whole has 
shown that a few per cent, of it must be attributed to 
causes outside the earth, and it proves that the small 
vanaUons wiA time of a more rapid kind are mainly 
associated with these external causes. Recent work 
on wireless transmission has provided the clue to the 
nature of these external causes, and also their time 
variation. 

It has been shown that there are several electrically 
charged (or ionized) layers, high up in the earth’s 
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atmosphere and these layers affect wireless waves in much 
the same way as a glass prism deviates a beam of light. 
The wireless waves get bent downwards as they enter 
a layer of this kind and are able to reach the earth 
a gain at great distances from the transmitter. It is 
this bending effect which makes possible wireless 
reception from distant places, for without it we could 
receive wireless waves only from nearby transmitters, 
as is shown schematically in fig. 49 ; tihe waves that 
went into the air from the transmitter would be lost 



Fig. 49.— The bending effect of the ionosphere. 
A wireless wave leaving the transmitter T on 
the earth’s surface, would travel along the 
straight line A if it were not for the bending 
effect of the ionosphere, i, which directs it to a 
receiver R, which may be several thousand 
milfts away, and could not otherwise be 
reached. 


in empty space. These charged layers behave in a very 
comphcated way, for their strength and height depends 
on such factors as the intensity of the sun’s ultra-violet 
rays (which produce electric charge by a process 
known as ionization), and this complicated behaviour 
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is responsible for the uncertainties in reception of 
wireless signals from distant places (for instance, 
rapid changes in the layers cause wireless “ fading ”)• 
Now we know that movement of electric charge 
produces a magnetic field, so it is natural to associate 
the “ external ” part of the earth’s field with motion 
of the electrically charged layers which are so important 
for wireless transmission. Detailed investigation sup- 
ports this interpretation, and is able to account roughly 
for the time variations as well. 

Several different kinds of time variation are revealed 
by very careful analysis of simultaneous magnetic 
measurements at several magnetic observatories taken 
continuously over many years. Broadly speaking, 
they can be divided into a variation which repeats 
itself with a daily period, and irregular disturbances, 
changing from hour to hour, which are superimposed 
on the smooth daily variations. The irregular dis- 
turbances when sufficiently strong are called magnetic 
storms and we shall return to them directly. 

The smooth daily variations are clearly associated 
with rotation of the earth about its axis, and are partly 
due to the daily variation of the amount of sunlight 
falling on the earth at any place. This “ solar ” part 
of the daily variation shows seasonal changes corres- 
ponding to the movement of the earth round the sun, 
which is just as we should expect on this interpretation. 
A smaller part of the daily variation is connected, 
however, with the moon, since its size is found to 
regularly with the 28 -day period of rotation of 
the moon round the earth. It is probable that this 

lunar ” part of the variation is due to .tidal motion 
of the ionized layers, similar to the tides produced in 
the oceans by gravitational attraction from the moon. 

Another interesting feature of the daily variation 
(both solar and lunar) is that if its size is averaged over 
a whole year, it is found that this average varies with 
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something like an eleven-year period. It seems in 
fact to be closely connected with the sun-spot activity 
of the sun. Examination of the sun shows up a 
number of “ spots ” on its surface which are appreciably 
darker than the general background. These sun-spots 
seem to move about the sun’s surface and to appear 
and disappear in a very irregular way, but if their 
average strength or sun-spot activity is studied, it is 
found to go through a cycle which repeats itself 
roughly every eleven years. All sorts of unexpected 
natural phenomena seem to respond to this eleven- 
year period — ^for instance, the height of the surface 
of Lake Victoria (in Africa) varies with an eleven-year 
period, and the annual rings in tree trunks show a 
variation in appearance which repeats itself every 
eleven rings. It has even been suggested that the 
cyclic variations of booms and slumps in world econo- 
mics are connected with the sun-spot cycle (it is, 
however, simpler to explain them in terms of our 
inabiUty to manage our affairs sensibly). 

The earth’s magnetism is no exception to this 
eleven-year periodicity, and the correlation here is 
remarkably close, as shown by fig. 50, in which the 
daily “ range ” (the size of the daily variation) of H, 
averaged over each year, and the average sun-spot 
number (a measure of the sun-spot activity) are plotted 
side by side against the years from 1894 to 1905. The 
probable explanation of the correlation is that the 
sun-spot activity has a big effect on the ultra-violet 
fight intensity and other agents (see next paragraph) 
reaching the upper atmosphere, and this affects the 
height and strength of the charged layers whose motion 
is responsible for the “ external ” part of the earth’s 
magnetic field. This explanation is supported by 
corresponding changes in the layers as observed by 
wireless methods. 

The sim-spots have a very close connection with the 
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irregular part of the time variation too. Just as the aver- 
age daily variation of the earth’s field is closely connected 



Fig. 50. — Curves showing how the daily range, 

R (a measure of the daily variation of the 
horizontal component of the earth’s field), 
and the sun-spot number. S', varied at a par- 
ticular station from year to year between 
1894 and 1905. The sinodlarity of the curves 
indicates the close relation between sun-spot 
activity and the earth’s magnetic field. Note 
that after eleven years both R and S have 
returned nearly to their original values. 

with the average sun-spot activity so, too, the irregular 
variation is closely connected with the irregular changes 
of sun-spot activity. The nature of the correlation is 
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very complicated but we may mention two interesting 
features. The first of these features provides rather 
convincing evidence that any particul^ magnetic 
storm is probably associated with a particular group 
of sun-spots on the sun’s surface. Chree, in 1912, 
found from careful analysis of magnetic storms t^t 
they tend to recur with a period of 27 days, which 
just coincides with the period of rotation of the suu 
about its own axis.* This suggests strongly that it is 
some particular area of the sun’s surface which is 
responsible for the storm, and this area is affective 
only when it faces the earth ; as the sun rotates, the 
area becomes ineffective until about 27 days later 
when it again comes into the right position to cause 
a magnetic storm. 

The second feature is that there seems to be a time 
lag of about a day (this interval is rather variable, 
however) between an increase of sun-spot activity 
and the incidence of a magnetic storm on the earth. 
This suggests that the sun-spotst emit some sort of 
particles which take a day to travel from the sun to 
the earth’s atmosphere. Since the sun is 93 million 
TTiilfts away, this means that the particles must have 
speeds of several hundred miles a second. When 
they arrive in the earth’s atmosphere they cause 

* Actually, a similar effect of the sun’s rotation on the smooth 
dsily variation has been known since 1871, when Homstein discovered, 
a feeble 27-day periodicity in the size of the ordinary smooth daily 
variation of the magnetic field. Maxwell said of this discovery : 
“ this method of discovering the rotation of the unseen solid body of 
the sun is the first instalment of the repayment by magnetism of its 
debt to astronomy ” (though now it seems more likely that the efiects 
are due to the visible sun-spots, rather than to the invisible solid core 

ofthesun). . . , ,, , _ -n- x 

t Recent work has shown that it is probably solar flares (bnUiant 
patches of light which appear close to sun-spots, and last only 20 
minutes or so) which emit the particles. At the moment the flare 
appears a slight magnetic irregularity is recorded (probably due to 
the ultra-violet light effects), but the magnetic storm occurs only about 
a day later. For further details see Frontiers of Astronomy by D. S. 
Evans (p. 122). 


L 
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modifications of the electrically charged layers, by 
increasing the ionization, and so produce the magnetic 
storm. T^e idea of corpuscular emission by sun-spots fits 
in well with another observation, namely that not every 
sun-spot is found to cause a magnetic disturbance. 
In many cases the sun-spot will never face the right 
way to discharge its particles on to the earth, and then, 
of course, no storm is produced. 

Just as before, there is a close correlation between 
effects in wireless transmission and magnetic sto rms 
All sorts of anomalies occur during and just before 
a magnetic storm, and wireless reception from distant 
transmitters becomes very irregular and uncertain. 
This again shows that the magnetic effects arise from 
the sme ionized layers wMch play such an important 
part in wireless transmission. A particularly serious 
example of this kind of disturbance, or radio fade-out 
as It IS called, occurred recently (Sept., 1946) and may 
have been the cause of the crash of a Belgian air-liner 
m Newfoundland ; much of modem air navigation 
depends on wireless methods, and a radio fade-out 
can have disastrous consequences. 


4. Magnetism in the Universe 
ff the earth is a huge magnet, may not other heavenly 
bodies too be magnets? Only in one case, that of the 
sun, IS It possible to give an answer, and this answer is 
m the afBrmative, though not very definitely. The 
evidence for this answer is rather indirect, but very 
mgemous. The sun is so far away that, although it 
probably has a magnetic moment very many times 
earth, its direct effect is quite 
negh&ble. This is because the magnetic field of a 
sphen^l magnet falls off as the cube of the distance 
trom Its centre, so since the earth is about 230 times 
as a\ray as the sun’s radius, the field of the sun 
at the earth must be about 230 x 230 x 230, or roughly 
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12 million times smaller than it is at the sun’s surface. 

It is in fact too small to be detectable against the 
background of the irregular changes in the earth’s 
own magnetic field. 

The indirect way which has shown up the sun’s 
magnetic field is based on what is known as the Zeeman 
effect, a change in the wavelength of light when it is 
emitted in a magnetic field. If white light is examined 
by means of a spectroscope, it is split up into a spec- 
trum of colours ran^g from red to violet (different 
wavelength means different colour). Included in the 
spectrum are also a number of sharp lines of very 
definite wavelengths and it is found that these ^e 
characteristic of certain atoms in the hot body which 
emits the white light. Now laboratory experirnents 
have shown that if the light source is placed in a 
magnetic field, these lines “ spht up ” in a manner 
which is too complicated to explain here. By “ split- 
ting ” we mean that each line separates out into a small 
group of lines. The wavelen^h differences between 
the members of this group prove to be proportional 
to the magnetic field stren^h and are easily measurable 
for fields of a few thousand gauss or more. With the 
very powerful spectroscopes, developed in recent times, 
it is possible to detect the splitting caused by fields 
of only a few tens of gauss, but this is about the limit, 
since for smaller fields the splitting becomes too small 
to measure. . 

There is no need to go into the explanation of this 
splitting effect, named after Zeeman, who first studied 
it about 50 years ago, thou^ it is worth mentioning 
that it is closely linked with the theory of paramagnetic 
behaviour. However, it is evident that it can be used 
to measure an unknown magnetic field if it exists at a 
distant source of light. If we assume that the atoms 
in the source (for instance, the sun) behave in the same 
way as atoms in the laboratory, and this is a very 
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reasonable assumption, we can deduce from the 
observed splitting the magnetic field which is present 
in the source. 

The American astronomer Hale, found that over 
most of the sun’s surface there is a magnetic field of 
about 50 gauss, just large enough to be detected by this 
method, but other astronomers have not been able to 
repeat his observation, and it is possible that the 
field is smaller than Hale supposed. If, however, the 
spectroscope is pointed towards a sun-spot, a much 
larger Zeeman effect is observed, corresponding to a 
field of as much as 3,000 gauss. This gives a useful 
clue to the nature of sun-spots, for a field as large 
as this can probably be due only to some sort of 
violent motion of electric charges. 

It is likely, in fact, that a sun-spot is a kind of 
whirlpool of electric charges ; but just as there are 
great difficulties in working out the cause of the earth’s 
magnetism, so here, too, there is considerable con- 
troversy among the theoreticians as to just how 
such whirlpools come to being. An interesting 
feature of the magnetic field of sun-spots is that the 
direction of the field is opposite in pairs of sun-spots 
close together. It is as if the rotating changes were 
confined to a curved column which entered the sun 
at one sim-spot and emerged at the other (the field at 
the two ends is then opposite, just as it would be at 
the two ends of a solenoid bent into a half circle). 

When we come to heavenly bodies other than the 
sun, such as the stars, the Zeeman method of dis- 
covering magnetic fields breaks down. This is simply 
because the light from a star is usually too feeble to 
bear spreading out into a spectrum broad enough to 
reveal Zeeman splitting. It is only with brilliant 
sources like the sun that the intensity is adequate to 
permit such high resolution as is necessary to detect 
weak magnetic fields. It is, however, improbable 
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that the earth and the sun are the only magnetic 
heavenly bodies, and there is every reason to expect 
that all stars behave like magnets.* 


* Since this was written, the surface magnetic fields of a number of 
stars have been measured by Babcock in the U.S.y^and o^ers, usmg a 
very sensitive method based on the Zleeman effect. For ^e star 
78 Virginis, the surface magnetic field was found to be about 1 ,5 W B3.\ws. 
On the basis of such measurements and the known fields of the e^n 
and the sun, Blackett has revived an old theory of Schuster in which it 
is suggested that any rotating body has an intrinsic magnetization 
associated with its angular momentum in a fimdament^ but m- 
explained manner. Although this theory has the attraction of by- 
passing the difficulties discussed on p. 142, it is still the subject of hvely 
discussion and new experimental results must be awaited before a 
final verdict is possible. 
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MAGNETISM AS A TOOL IN SCIENCE 

1. Famous magnets in the world's laboratories 

F or almost any scientific application of magnetism 
the first requisite is a magnetic field, and for many 
purposes it is important to produce as strong a field 
as possible in as large a space as possible. How can 
this be achieved? Until the 19th century the only 
means known was to use a permanent magnet such as 
the lodestone. This, however, is a comparatively 
linuted method, for it is limited by the magnetic 
properties of the material of the magnet. Even using 
the most powerful magnet steels such as described in 
Chapter 5, it is hardly possible to obtain fields much 
beyond 10,000 gauss. 

For many purposes this limitation is not important, 
and then the permanent magiiet has the great advantage 
of simplicity, since no electrical supplies are required. 
For instance, in the magnetron valve (see p. 176) a 
I^rmanent ina^et is very convenient, especially if 
the magnet is part of an airborne radar equipment, 
where the relatively light weight of the magnet is an 
advantage. Another important use of permanent 
ma^ets is in electrical measuring instruments, where 
again the limited size of field is not serious, but compact- 
ness is desirable. The permanent magnet is usually 
m^e m the form of a nearly closed ring, rather like 
a horseshoe, because this reduces the demagnetizing 
effect, and increases the field in the gap. Some typical 
magnets of this kind are illustrated in plate VI. By partly 
bndging the gap of a permanent magnet with soft iron 
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pole pieces the field can be increased, though of 
course only at the expense of reducing the space in 
which the field acts. If a given field is required over 
a larger region the dimensions of the whole magnet 
must be scaled up accordingly. 

An extreme example of the application of this 
principle is the 70-ton permanent magnet used by 
Rosenblum at Bellevue, near Paris (in the same labor- 
atory which houses the famous electromagnet described 
on p. 162) for measuring the speeds of the a-rays endtted 
by radioactive substances. The girl in the illus- 
tration (plate VI) is standing close to the pole piece 
gap in which the speed-measuring apparatus is placed. 
The principle of the apparatus is similar to that of the 
jS-ray spectrograph (see fig. 52), but since the a parti- 
cles are much heavier than electrons (jS-rays) they are not 
bent nearly as much by the magnetic field, and so the 
magnetic field must extend oyer a much larger area to 
produce the same effect. It is for this reason that such 
a huge magnet is needed. Blocks of permanent ma^et 
material are mounted above and below the soft iron 
pole pieces, and the “ magnetic circuit ” is completed 
by the huge soft iron rings. The coils which can be 
seen in the illustration wound round the permaneiit 
magnet blocks are used to magnetize them ; once this 
has been done the field in the gap stays constant 
without any power expenditure. 

With the discovery of the magnetic effect of electric 
currents, other types of magnets became possible. 
Apart from the possibility of obtaining stronger fields, 
such electromagnets have the advantage of flex- 
ibility over permanent magnets. The field can be 
varied by altering the electric current, which is not 
possible with an ordinary permanent magnet. The 
simplest electromagnet is the solenoid (p. 30) in which 
the magnetic field is just directly proportional to the 
electric current and the nqmber of turns per unit 
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length. The great drawback of the solenoid is that 
the electric current generates heat in overco min g the 
r^ista-nce of the solenoid coil and, unless some pro- 
vision is made to remove this heat, the solenoid may get 
dangerously hot. Without any special arrangements, 
this heating severely limits the fields that can be obtained’ 
and in practice httle more than 2,000 gauss can be 
obtained for any length of time without the temperature 
rising sufficiently to bum the insulation of the wire. 

How can this limitation be overcome? First of all 
the wire should be made of a material with as low as 
possible an electrical resistance. In practice copper 
is almost the only suitable material, though silver is 
slightly better and in special circumstances the extra 
expense may be worth while (see p. 169). Still lower 
resistance can be obtained by cooling the copper ; 
as for instance with liquid air (when the resistance is 
about seven times lower), but this is usually im- 
practicable since enormous quantities of hquid air 
woidd be boiled away by the heat produced. The 
obvious way of deaUng with the difficulty is to remove 
the heat by water cooling. If water is passed suffi- 
ciently rapidly through the coils and in sufficiently 
coiitact with them, very great power can be 
dissipated without a dangerous rise of temperature. 

This method has been pushed very far by Bitter at 
the Massachussetts Institute of Technology. His 
solenoid is of a special design and consists effectively 
of a flat copper spiral ; each turn of the spiral is a flat 
annulus, insulated from the next turn by thin mica 
spacers. All the annular turns of this spiral are 
perforated with many small holes, so that large quan- 
tities of water can be pumped through the whole coil 
in the direction of its axis. In this way it is possible 
to use a power as high as 1,000 kW. without dangerous 
heating, and a field of 100,000 gauss is obtained over a 
fairly large volume. 
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Ashmead in Cambridge has also constructed water- 
cooled solenoids of this kind, though his coil design is 
more conventional, withthewaterpassingthroughspaces 
between the turns of wire in the coil (see plate V). Such 
magnets are fairly easy and cheap to build, but they 
are expensive to run : Ashmead’s magnet, for instance, 
costs something hke £2 an hour in electricity and a 
few shillings an hour in water (6,000 gallons per hour), 
when running at full power. They have, however, 
many technical advantages apart from their cheap 
initial cost, which outweigh the high running cost, and 
they are likely to be used more and more in the future. 

A less obvious but very ingenious way of avoiding 
the heating difficulty was used by the Russian scientist, 
Peter Kapitza. For many purposes a magnetic field 
lasting for only a very short time is quite adequate, 
and this can be achieved by momentarily passing a 
large current through a solenoid. This not only 
avoids excessive heating, but enables much larger 
powers to be drawn from the electric source than would 
be possible in steady conditions. The basic principle 
is to provide a large store of electric ener^ and then 
to discharge it rapidly through the solenoid. Several 
means of storing large electric energies are possible, 
as for instance in a large bank of electric condensers, 
or in a large accumulator battery, or in a dynamo, but 
in each case elaborate and expensive equipment is 
necessary, and complicated switching mechanisms are 
required to ensure that the discharge is limited. Kapitza 
first tried the accumulator method, but later found the 
dynamo method more reliable ; with recent advances in 
condenser design it is possible that the condenser method 
might prove even better. The dynamo equipment (see 
plate IV) was set up in Cambridge in 1926, first in a large 
shed and later in the Royal Society Mond Laboratory 
(built specially to house it); it has since gone to Kapitza’s 
Moscow laboratory where it is still working well. 
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The dynamo is connected to the solenoid only during 
a single half cycle of its rotation (about 0*01 second), 
and during this time the current rises to about 15,000 
amps, and then falls again to zero. The biggest 
magnetic field Kapitza has produced in this way is 
about 300,000 gauss, though with more elaborate 
equipment even a million gauss should be attainable. 
An important limitation which makes it very difficult 
to reach higher fields is the enormous mechanical 
stress (proportional to the square of the field) to which 
the solenoid coil is subjected during the current dis- 
charge. In the early experiments the coil occasionally 
burst, and special reinforcement had to be designed 
before it would stand up to the stress safely. 

Although the .field lasts for only 0-01 second it is 
quite possible to ca^ out magnetic measurements 
in this time, using specially designed automatic recording 
devices. Kapitza is rather proud of this and likes to 
tell visitors that he is the highest paid scientist in the 
world, receiving a professor’s salary for experiments 
which last only a few seconds in a year! Another 
interesting feature of his method is that the laboratory 
undergoes a minor earthquake when the current is 
discharged, because of the sudden reduction of the 
rotational speed of the dynamo (it is. the rotational 
energy, of course, which is converted into electric 
power). To avoid upsetting the dehcate recording 
instruments, Kapitza placed them at such a distance 
from the dynamo that the shock wave (which travels 
with the speed of sound in the floor of the building) 
reaches Ihem only after the recording is complete. 
It was tWs feature which determined the rather attrac- 
tive design of the Royal Society Mond Laboratory, 
whose main hall had to accommodate the equipment 
(see plate IV). The length of the hall was made just 
long enou^ (about 90 feet) so that the proper distance 
separated the dynamo and the recording instruments 
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(■placed close to the solenoid), and this hall now 
^ovides a pleasant promenade for research workers 
ui the adjoining rooms. , , , , 

We have left to the last the best known type of 
electromagnet, which, though very useful for most 
laboratory work, cannot give such high fields as 
Kapitza’s impulsive method or Bitter’s water-cooled 
coil. This type is based on the use of a coil with an 
iron core. The iron core is usually shaped in much the 
samewayas the body of a horse-shoe permanent magnet, 
but the material used is soft iron with little hysteresis 
and high permeability. When current flows through 
coils wound on this core, the iron becomes magnetized 
and a field is produced in the gap in much the same way 
as with a permanent magnet, except that here the 
magnetism is not permanent, but requires the magneti- 
zing field of the coils. Just as the field of a permanent 
magnet is limited by the remanence and coercivity 
of the permanent magnet steel, so here the limit is set 
by the saturation magnetization of the iron, and it is 
difficult to obtain fields very much larger than the 
magnetic induction of the saturated iron, which is 
about 20,000 gauss, plus the magnetizing field of the 
coils acting alone. 

Some increase can be obtained by tapering the iron 
core at its ends, for the field is then enhanced by the 
poles on the sloping parts of the tapered ends, but the 
increase is small unless the whole size of the magnet 
is made very great compared to the gap dimensions. 
By using large currents in the magnetizing coils (with 
water cooling to remove the heat) the extra contribution 
of the coils themselves can be made quite large, but 
in this case we owe the large field rather to the ordinary 
solenoid principle than to the iron core. The real 
benefit of the iron core is for low currents, where 
considerable magnetization of the iron and a fairly 
large field in the gap are obtained with a low expenditure 
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of electric power on account of the high permeabilitv 
of soft iron. ^ 

Some typical electromagnets of the iron cored 
variety are shown in plates V andVII to illustrate the wide 
rangeof sizes used in different laboratories. Plate Vlli 
shows a small electromagnet, used for teaching purposes 
in the Cavendish laboratory ; it produces a field of 
order 10,000 gauss in a volume of about 1 cc. with a 
current of only 1 ^ amps., which involves a power of 
only 300 watts and requires no water coo lin g ^ext 
comes a larger magnet (plate Vu), used in the Royal 
Society Mond Laboratory, of a type designed by Weiss • 
here the coils are wound with copper tubing through 
which cooling water is circulated. As in all such 
magnets the field obtained depends on the shape 
of the pole pieces as the terminations of the hon 
core are called and on the size of the gap, and these 
pole pieces are made detachable so that a variety of 
conditions can be achieved. With flat-ended pole 
pieces separated by a gap of an inch or so a field of 
20,000 gauss can be obtained over a volume of several 
hundred cc., using a current of 60 amps, (a power of 
about 6 kW.), while with coned pole pieces, tapered 
down to only a cm. diameter, and wit^ a small gap, 
fields as high as 40,000 gauss are obtainable over a 
volume of about 1 cc. 

Until fairly recently the largest magnet in the world 
of this kind was the 110-ton Bellevue magnet built in 
1928 by Cotton and shown in plate Vila. In ordinary 
use, the fields obtainable are not very much larger than 
those of the Weiss magnet but they can be obtained 
over much larger volumes and of course more power 
(about 100 kW.) is required. For instance, a field of 
40,000 gauss is obtainable over about20 cc., and a field of 
20,000 gauss over about 50 htres (i.e. 50,000 cc.). With 
the help of auxihary water-cooled coils (not illustrated) 
over the pole pieces and with the expenditure of about 
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1.000 kW. of power, a field of 100,000 gauss can be 
produced in a volume of 1 cc. However, as we have 
already explained (p. 161), a large part of this field is 
contributed by the solenoid principle rather than by the 
iron core, and the same result can now be obtained 
with much smaller capital outlay in Bitter’s solenoid 
which does not use any iron at all. 

The world’s record for size in electromagnets has 
recently been beaten by the Berkeley (U.S.A.) synchro- 
cyclotron magnet, also illustrated on Plate VII. 
Here the aim is not so much to produce a very high 
field (only some 14,000 gauss is required), but to produce 
it over an enormous volume. The diameter of the 
pole faces is 184 inches and the whole magnet weighs 

4.000 tons — ^its enormous size can be judged from the 
illustration which shows a man standing beside it. 
An explanation of how the magnetic field is used is 
given on p. 175. 

2. Bending of beams of charged particles by magnetic 

fields 

The principle of the electric motor — ^the force exerted 
by a magnetic field on a current of electricity — ^is of 
immense importance for scientific applications, for it 
implies that a beam of electrically charged particles 
travelling in a straight line (which behaves like a current) 
can be deflected by a magnetic field. This deflection 
has been used in a great variety of ways and has been 
fundamental in the rapid development of atomic and 
nuclear physics, both in elucidating the nature of diffep 
ent kinds of charged particles and, less directly, in 
providing such atom-splitting machines as the cyclotron 
and the betatron. The same principle is b^ic also 
in the magnetron valve which made possible the 
production of the intense ultra short radio waves used 
in centimetric radar. 

Let us see how the principle works. Suppose we 
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have a beam of particles of charge & and mass tm, 
travelling along with velocity v. Such a beam is 
equivalent to an electric current, and if a magnetic 
field H is applied in a direction perpendicular to the 
line of travel, a force acts on each particle perpendicular 
both to H and to the line of travel. This has the effect 
of bending the beam into a circular path round the 
magnetic field direction and it is an easy matter to 
calculate the radius of this circular path. In fact, the 
radius of the circle is such that the centrifugal force 
acting on the particle (because of its curved path) is 
just equal to the magnetic force deflecting it. The 
centrifugal force is mv^jr and the magnetic force is 
Hev, so we have that 

r = mvjHe 

This means that the circular path has least radius for 
light particles of big charge moving slowly, and for 
high fields. For instance, an electron is much more 
easily bent into a circle than a proton (which is the 
nucleus of a hydrogen atom and is nearly 2,000 times 
heavier than an electron), and a slow electron is more 
easily bent than a fast one. To see whether the principle 
is of any practical use we must put in some numerical 
values, for, unless the radius comes out to be reasonably 
small, the magnetic deflection will be too small to be 
observed. A typical electron speed is 10^® cm./MCond 
(about 60,000 miles per second) and the ratio ejm 
for an electron is 1-8 x 10’, so for a field H of l,0OO 
gauss (which as we have seen is easily obtained by 
laboratory magnets), we find r = 0-6 cm., which is 
quite small enough to be easily observed. 

For a proton of the same speed the radius would 
be about 2,000 times greater, or about 1 ,200 cm., and the 
deflection would be very slight (though just detectable 
with careful measurement), but by using a field twenty 
times larger it would become 60 cm., which is more 
easily detectable. Of course, with such a large radius 
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only part of the full circle would be described unless 
the magnet was large enough to have a uniform field 
over the whole area of the circle, for it is only while 
travelling through the field that the path is circular. 

JH V 
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Once the beam has left the field it straightens out again, 
but we can measure the radius of the circular arc by 
observiag the deflection of the beam direction. This is 
illustrated in fig. 51, which shows the path of a proton 
beam in a smaS magnet of diameter 10 cm. 

The first use of this principle was made by J. J. 
Thomson in proving the existence of electrons. He 
found that the so-called cathode rays produced in an 
evacuated electrical discharge tube could be deflected 
by a magnetic field and he suggested that the rays were 
a beam of charged particles.* The duration of the 
deflection showed that they were negatively charged 
particles, and he set about measuring the ratio ejm 
for these particles. Since the velocity of the particles 
was unknown, this ratio could not be deduced from the 
magnetic deflection alone ; the beam could, however, 
also be deflected by an electric field (as is to be expected 
for charged particles), and this enabled the problem 
to be solved. An electric field E also exerts a force 
on the particles given by eE, and by opposing the 
electric and magnetic forces, Thomson was able to 
balance them so that the beam was undeflected. 

Evidently this balance vdU require that 
eE = Hev 

so the velocity is given by EjH when the fields have 
been adjusted for balance. Once the velocity is known, 
ejm can be deduced from the magnetic deflection acting 
alone. Thomson found that ejm always had the same 
value (about 1-8 x 10’) whatever the condition of the 
discharge tube. Soon afterwards exactly the same 
ratio turned up with beams of particles from a surface 
illuminated by light or X-rays {photoelectric effect), 
from heated metals in an evacuated vessel (this is the 
thermionic effect which is the basis of radio valves), 

* These rays make possible many modem devices such as the cathode 
ray oscillo^aph (used extensively in radar) and television. For 
further details see Electrons in Action by J. G. Daunt. 



magnetism as a tool in science 167 

and for the ^-rays emitted by radioactive particles. 
Fvidently in all these cases the particles are identical 
and they seem to be a fundamental brick in the structure 
of matter They were called electrons, and we have 
already outlined (Chapter 4) how they enter into the 
architecture of the atoin. 

The same kind of method was later used by Thomson 
in studying the ratio of charge to mass of charged atoms, 
and led to the discovery of isotopes. It was found that 
some atoms could exist in several variants of slightly 
different masses, but all having the same number of 
electrons (same atomic number) and hence the sanie 
chemical behaviour ; such variants of the same atomic 
number but different mass are called isotopes. For 
instance, neon, which has an atomic weight 20-18, 
turned out to be composed mostly of atoms of mass 20, 
but partly also of atoms of mass 22. This discovery 
was followed up by Aston, who constructed an elaborate 
machine called a mass spectrograph which enabled 
him not only to discover the existence of many new 
isotopes, but to measure their masses very accurately. 
He found that the masses of atoms, though always 
nearly integers (on the scale which makes hydrogen 
unity), were not exactly integers, and accurate know- 
ledge of the small differences has been of immense 
value in unravelling the structure of the atomic nucleus, 
the core of the atom which carries nearly all the mass. 

In Aston’s mass spectograph the different kinds of 
atoms, ionized to give them one or two electrons^ of 
positive charge, are first made to have the same velocity, 
and then are sorted out according to their masses by 
their different magnetic deflections. Only minute 
quantities of matter are sorted out in this way however ; 
in fact only enough to make traces on a photographic 
plate. The same principle, can, however, be used to 
separate appreciable quantities of different isotopes. 
This was first achieved in the Cavendish Laboratory 


M 



168 


MAGNETISM 


when Crowther and Shire separated the two isotopes 
of lithium in sufficient quantities to make experiments 
with the separate species, but even then the quantities 
were still minute, measured in fractions of micrograms. 
The great technical difficulty in such separations is to 
provide powerful enough sources of the charged atoms 
(or ions as they are called). Very recently this technical 
difficulty has been overcome by various ingenious 
methods which cannot be explained here, and the most 
spectacular triumph of the method has been the 
separation of really large quantities — ^measured in 
poimds rather than micro^ams — of the uranium 
isotopes. To make an atomic bomb many pounds of 
the uranium isotope of mass 235 are required, but 
ordinary uranium consists mainly of the 238 isotope, 
with an admixture of less than 1 per cent, of the 235 
isotope. All sorts of separation methods were tried, 
and one of the most successful was the one just 
outlined. 

The practical realization of this scheme was not only 
a matter of overcoming the technical difficulties just 
outlined, but also of building very large-scale plant 
involving millions of dollars expenditure. Details 
of the Oak Ridge plant where this was achieved are 
still secret, but it is known that hundreds of large 
magnets are used, each sorting out the two isotopes by 
their different magnetic deflections. The magnets 
have to be very large, not so much because large fields 
are required (15,000 gauss is sufficient), but because 
the field is required over a large area, large enough to 
produce an appreciable separation of the 235 and 238 
beams. Since each ion is much heavier than a proton, we 
can see from our previous calculation that the magnetic 
deflections are very small and only very slightly different 
unless the ion b^ms have a very long path in the 
magnetic field. 

•An interesting sidelight on magnet design is provided 
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by the Oak Ridge plant. We have mentioned that 
the power consumption of an electromagnet is slightly 
less for silver than for copper coils ; ordinarily the 
economy involved (about 6 per cent.) would not justify 
the much higher cost of silver, but in a scheme of this 
magnitude, where the power consumption is comparable 
to Aat of the whole of London, the saving is important. 
It so happened that a great deal of silver was available 
in the American banks, and the American Government 
decided that 14,000 tons of silver would be better used 
for saving power in the Oak Ridge plant than lying 
idle in the bank vaults. It is a pity that it is only for 
war purposes that bankers can become so broad- 
minded. 

Another important use of the magnetic deflection 
principle is to measure the velocities of particles whose 
ejm is known. This, too, has been of great value in 
various problems of atomic physics. For instance, 
if a beam of j8-rays is emitted by a radioactive substance 
between the pole faces of a large magnet, particles of 
various speeds are bent into circles of various rac^. 
If a photographic plate is put diametrically opposite 
to the source it receives the different beams at different 
points on its surface (fig. 52) and we get a kind of 
velocity spectrum : each point on the plate corresponds 
to a definite velocity and from the observed blackening 
of the plate when developed we can deduce the pro- 
portions of particles which have the various velocities. 
With the help of such a mapetic spectrograph, Ellis 
made a detailed study of this velocity spectrum for 
different kinds of jS-rays and the information he 
obtained led to important conclusions about what was 
going on in the nuclei of the radioactive atoms. 

The same idea has been used in the study of cosmic 
rays — ^the mysterious radiation which reaches the 
earth continuously from outer space. By means of 
an ingenious apparatus known as the Wilson cloud 
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chamber, the tracks of particles such, as electrons and 
charged atoms can be photographed. If the Wilson 
chamber is placed in a magnetic field the tracks become 
curved, and so the velocities can be deduced if the type 



Fig. 52 . — A j8-ray spectrograph. The whole 
box is placed in a magnetic field perpendicular 
to the paper and is evacuated by a pump 
connected to p in order that the j3-rays should 
not be scattered by gas molecules in the box. 

S is a radioactive source emitting /3-rays, 
which pass through the slit o and the wider 
slits s. All rays of the same velocity are bent 
into circles to reach the photographic plate 
AB at nearly the same point ; B represents 
the point for a high velocity and A for a low 
velocity. The plate is blackened according 
to the intensity of the j8-rays falling on it and 
so a velocity spectrum is produced on the 
plate. L is a block of lead to shield the plate 
from stray radiation. 

of particle (and so its e/m) is known. The nature of 
the particle can usually be deduced from the appearance 
of the track, and in cosmic rays it is usually electrons 
that are observed. Blackett, in Cambridge, and 
Anderson, in California, found, however, that some 
of their tracks which looked exactly like electron 
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tracks, curved the wrong way, and this suggested that 
the particles concerned were positively instead of 
negatively charged, though otherwise just like electrons. 
These new particles are called positrons and their 
discovery has been very important in the development 
of nuclear physics. More recently another new kind 
of particle, the meson, with a mass about 200 times 
that of the electron has been discovered. 

The energy spectrum of particles in cosmic rays 
reaches out to fantastically high energies. Actually 
our theory of the magnetic deflection has to be modified 
when the velocity is too high ; relativity takes control 
and does not allow the velocity to exceed the velocity 
of light (3 X 10^® cm./sec.), but the mass increases 
as the energy goes up, so that the magnetic deflection 
gets smaller and smaller even though the velocity 
never passes this limit. Practical possibilities set a 
limi t to the energies that can be measured by magnetic 
deflection since, if the energy is too high, the curvature 
becomes too small to be measured, but particles are 
found in cosmic rays with energies right up to this 
practical limit, and probably still higher energies occur 
too. An interesting result that comes out of such 
measurements is that the most energetic particles 
observed have an energy greater than could be obtained 
if all the mass of the heaviest atomic nucleus was 
destroyed and converted into energy. How so much 
energy is produced is, in fact, one of the great mysteries 
of modern physics and the solution of this puzzle may 
lead to exciting new discoveries. 

The magnetic deflection method is used in yet another 
way in studying the cosmic rays. The earth is, as 
we have seen, a large magnet, and in a sense it acts as 
if it were itself a large magnetic spectrograph. Charged 
particles coming in from outer space are deflected by 
the earth’s magnetic field, but their path is more 
compUcated than in an ordinary magnetic spectro- 
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graph, since the earth’s field is not uniform and not 
always perpendicular to the track of the particles. 
Rather elaborate calculations show that above a 
certain magnetic latitude incoming particles of all 
energies but the very slowest can reach the earth, but 
below this latitude only the most energetic ones arrive, 
while the paths of the slower ones miss the earth 
altogether. So, by measuring the intensity of cosmic rays 
at different latitudes much can be learnt about the energy 
spectrum of the cosmic ray particles, and the fact 
that a latitude effect occurs at all, confirms that the 
particles arrive from far outside the earth’s atmosphere. 

3. Splitting the atom with the help of magnetism: the 
cyclotron and betatron 

The problem of splitting the atomic nucleus is 
basically one of producing sufficiently energetic particles 
to act as bombarding bullets. In many cases the 
bombarding particle (usually itself an atomic nucleus) 
has to have an energy equivalent to that which it would 
acquire if it were accelerated by a potential drop of 
several miUion volts. Such high potential differences 
can indeed be produced by direct means, but apparatus 
of enormous dimensions is required, and, in 1932, 
Lawrence in Berkeley, California, invented a new 
method of acceleration which he called the cyclotron. 
The basic principle of this is again the fact that a 
charged particle moves in a circular path between the 
poles of a magnet. If we look again at our formula 
(p. 164) for the radius r, of the circle, we can calculate the 
time taken to travel once round the circle ; this 
time is just l-nrlv and so, using our formula we 
find the time is lirmlHe. It is this result which 
makes the cyclotron possible, for it shows that the 
time of revolution is independent of the radius of the 
circle and the velocity of the moving particle. 

The particle is made to travel within a split metal 
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box of the shape shown in fig. 53, placed between &e 
pole pieces of a large electromagnet. Between the 
two halves of the box (called D’s because of their 
shape) a rapidly alternating electric potential is 



Fig. 53. — ^The principle of a cyclotron. 
Positively charged ions emitted at the centre 
of the apparatus are bent into circles by a 
magnetic field applied perpendicular to the 
shallow D’s (seen in perspective here). Each 
time the circular path crosses the gap be- 
tween the D’s the ions are accelerated by a 
high frequency electric field between the D s, 
which is synchronized to act in the right 
direction each time. The path thus becomes 
a spiral , and eventually the ion passes out of 
the D’s with a very high velocity. 


applied : if the frequency of this potential is chosen 
correctly, the particle in its circular path crosses 
the gap always just at the moment when the potential 
acts to accelerate it. After this acceleratmn the 
particle moves in a slightly larger circle, but tne 
time taken to get round the next half circle is unchange 
and the potential has then just reversed, so that it again 
accelerates the particle across the gap. This process 
goes on driving the particle round a spiral ^ritil the 
radius becomes nearly that of the box. At this stege, 
the particle has the same energy as if it had been 
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accelerated by a potential equal to the gap potential 
multiplied by the number of times it has crossed the 
gap, and thus can fairly easily be made millions of 
volts. The process is stopped by a deflecting electric 
field near the circumference of the box, which draws the 
particles to one side and enables them to leave the 
box and be used to bombard other atoms. 

The whole process depends, as we have said, on the 
constancy of the time of rotation of the particle so that 
the alternating electric potential can keep in step with 
the rotation, and we must see that the time involved 
is a reasonable one. Putting in numerical values for 
a deuteron, which is the nucleus of a heavy isotope of 
hydrogen (ejm = 5 x 10®, roughly), and taking H = 
15,000 gauss (about as high as is practicable over the 
large space required), we find that the time is 
2ff/15,000 X 5 X 10®, or roughly 10-’ seconds. The 
potential across the gap must, therefore, alternate 
with a frequency of 10’ cycles/sec. to keep pace with 
the rotation, and fortimately this is technically feasible, 
for this frequency is just that of a short-wave 
30 metres wave-len^) wireless transmitter. 

The cyclotron seems at first sight to have almost 
unlimited possibihties, for by making the magnet 
large enough it seems that the particles could be 
accelerated to almost any energy we please. In fact 
our formula shows that for a given magnetic field the 
radius of the magnet pole pieces must be increased in 
proportion to the velocity which is to be achieved, 
or to the square root of the ener^ (which is J m©®). 
Lawrence’s first cyclotron was quite a modest affair, 
with magnet pole pieces only a foot or two in diameter 
and yielding only a few million volts of acceleration 
for deuterons, but, since then, bigger and bigger ones 
have been built, particularly in the U.S.A., and 
Lawrence has just constructed one with pole pieces 
nearly sixteen feet across, designed to give more than 
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a hundred noillion volts acceleration. A general view 
of this huge machine is shown in plate VII; a description 
of the magnet has already been given on p. 163. 

Such increases are not merely a matter of finding 
the right number of megabucks (a convenient unit of a 
million dollars for measuring the cost of such machines) 
to pay for the equipment — and this is no trifling matter, 
for the cost goes up roughly as the cube of the magnet 
pole face diameter — but serious difficulties of principle 
have to be overcome. If the accelerated particles 
move too fast, relativity effects begin to become 
important ; the mass begins to increase and so the 
time of rotation can no longer keep quite in step with 
the constant frequency of the accelerating potential. 

Various ingenious methods have been suggested 
for dealing with this difficulty ; in the new cyclotron 
just mentioned, the difficulty is overcome by varymg 
the frequency to follow synchronously the acceleration 
of a “ bunch ” of particles emitted at one particular 
instant. This process is repeated many times a second 
and at the end of each cycle of frequency change a 
“bunch” of fully accelerated particles leaves the 
cyclotron. To distinguish it from other cyclotrons, 
this particular type is called a synchro-cyclotron or 
sometimes z. frequency modulated cyclotron.. 

In the cyclotron it is only heavy particles, such as 
deuterons or protons, rather than electrons, wluch 
are accelerated ; this is because the difficulty, just 
mentioned, of the mass increasing with velocity, sets 
in much earlier with a light particle such as an electron 
than it does with a heavy one. Recently a r^her 
different machine for accelerating electrons h^ been 
successfully developed by Kerst at the General Electric 
Company of America. Thisisthe fcelflirora (see plate V 111) 
and, although it too depends on bending the electrons 
into a circular path by a magnetic field, it uses an entirely 
different principle to accelerate the electrons. This 
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new principle is none other than Faraday’s law of 
induction. We saw in Chapter 2 that when the 
magnetic field changes it produces an electric field 
whose lines of force go in circles round the changing 
magnetic field. This electric field can be used to 
accelerate electrons which follow a circular path be- 
cause they are already in the magnetic field. 

The working out of the principle is very complicated, 
but essentially the betatron consists of a magnet whose 
field is rapidly increased and decreased by feeding 
it with alternating current ; the magnet core has to 
be laminated to reduce the eddy currents, which 
would otherwise seriously limit the fields attainable. 
During the increase of field, electrons emitted at the 
centre of the field in the proper direction are accelerated 
by the Faraday electric field, and revolve many times 
in a spiral path which brings them to the periphery 
of the magnet just when the field has reached its peak 
value. By this time they have enormous energies — 
in Kerst’s betatron as high as if they had been accelera- 
ted by 100 million volts (the energy depends just as 
before on the size of the magnet), and they can be used 
to produce effects in the laboratory which hitherto 
were possible only with cosmic ray particles. It will 
be noticed that the acceleration is produced only during 
the increasing part of a cycle, and so, just as in the 
synchro-cyclotron, the high energy particles are pro- 
duced in a series of bursts, one burst per cycle. 

4. The magnetron 

A full account of this device would require too 
much introduction about the technique of generating 
short wireless waves, but we can indicate the basic 
principle quite briefly without filling in the gaps. We 
have seen that the time of rotation of a charged particle 
in a magnetic field is given by InmjHe. For electrons 
in a field of 1,000 gauss this gives a time of 3-5x 10"^® 
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seconds, or a frequency of rotation of 3 x 10* per second. 

In the magnetron (see plate VIII) electrons are emitted by 
a heated filament in an evacuated tube which is placed 
in a suitable magnetic field and the electron rotations 
are able to produce a periodic disturbance, or oscillation, 
in a circuit coupled to the magnetron, with just the 
same frequency as the electron rotation itself. This 
oscillation, if applied to a suitable aerial, makes it 
emit wireless waves of about 10 cm. wave-length. 

If the field is increased to 3,000 gauss, the frequency 
is 3 times higher and the wave-length is about 3 cm. 
Now it is just such short wave-lengths which are most 
useful for radar, among other reasons because the 
size of the whole equipment and its aerial is determined 
mainl y by the wave-length and this has to be kept 
srpah in an equipment which is to go in an aircraft. 
The magnetron proved of immense value in the war, for, 
although it is not the only method of producing such 
shortwaves, it can produce muchmore powerful pulses of 
waves than any other method, and this is very important 
in extending the range over which radar works. 

5. The production of super-low temperatures by mag- 
netic means 

We now turn to a magnetic tool of quite a different 
kind, depending for its working not just on the general 
laws of electro-magnetism, as have all the previous 
ones, but on the magnetic properties of matter, and in 
particular of paramagnetic salts. This is the adiabatic 
demagnetization method for reaching temperatures very 
close to the absolute zero. The method was proposed 
in 1926 independently by Debye, in Germany, and 
Giauque, in California, entirely on theoretical grounds, 
anH it has since been proved in practice in most of 
the world’s low temperature laboratories, so that 
temperatures of one-thousandth of a degree absolute 
are now almost a commonplace. 
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If a paramagnetic salt is magnetized by a strong 
magnetic field, a small amount of heat is evolved. 
As we saw in Chapter 4, the magnetic moments of its 
atoms become shghtly more ordered and tend to lino 
up with the field direction. Now, it is known from 
thermodynamics that there is a fundamental connection 
between the degree of order of a substance and tbo 
amount of heat it contains, so that if the degree of 
order is increased heat must be evolved. Conversely, 
if the magnetic field is removed, the substance tries 
to absorb heat from its surroundings to bailee the 
decrease in its degree of order, and if it is isolated, 
from its surroundings it cools down. The amount of 
ordering produced by a magnetic field gets larger as 
the temperature is reduced, because the thermal 
agitation of the atoms is then less effective in hindering 
the ordering process, so these cooling and heating 
effects are much more marked at low temperatures. 
The lowest temperature that can be conveniently 
reached in the laboratory, by other means than the 
adiabatic demagnetization process, is about 1°K.., 
which is that of liquid helium boiling at as low a 
pressure as can be reached by large capacity pumps 
connected to the vessel in which it boils. If this 
low temperature is used as a starting point, much 
lower temperatures can be reached by the demagneti- 
zation process. 

The practical realization of the principle is illustrated 
schematically in fig. 54, and a photograph of an actual 
apparatus appears in plate V. The salt is contained in an 
irinftr tube which can be thermally isolated from the 
surrounding hquid hehum bath by pumping away all 
the gas in the tube, or thermally connected by letting 
gas in. The liquid helium is contained in a Dewar 
vessel (a kind of “ Thermos ” flask) and is surrounded 
by another Dewar vessel containing liquid nitrogen or 
liquid air (to reduce the heat inflow into the liquid helium. 
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which would otherwise boil too rapidly). The whole 
apparatus is mounted in a magnet — either in a water- 
cooled solenoid of the Bitter type, or between the poles of 
an ordinary electromagnet. At the start of the process 
gas is kept in the inner tube so that the salt cools down 
to the bath temperature (about 1°K.). When the 



Fig. 54.— Schematic diagram of an apparatus 
to produce magnetic cooling. The magnet 
m is a water-cooled coil ; the salt s is sus- 
pended by a thread t inside a tube which can 
be evacuated through p. Around the tube is 
liquid helium A in a Dewar vessel di, 
surrounded in turn by liquid nitrogen, n, in a 
second Dewar vessel The salt attains the 
temperature of the liquid helium by con- 
duction of heat through the gas, but when 
the gas is pumped off, s is thermally isolated, 
and if the magnet is switched off 5 cools down 
to very low temperatures. A photograph 
of an actual apparatus is shown in plate V. 
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magnetic field (30,000 gauss is a suitable field), is 
switched on, heat is evolved, but this is conununicated 
to the bath and merely boils away a little of the liquid 
hftliiiiri. In a few seconds thermal equilibrium is 
restored and the salt is again at 1°, but now in a 
magn etic field. Next the gas is pumped away from the 
inner tube, so that the salt is thermally isolated, and 
then the magnetic field is switched off. During this 
adiabatic demagnetization (“ adiabatic ” means 
thermally isolated) the salt cools down to a very low 
temperature, a few thousandths of a degree or so, 
depending on the detailed conditions. 

This low temperature can be demonstrated by 
measuring the magnetic susceptibility of the salt, for 
we have seen that according to Curie’s law the sus- 
ceptibility is inversely proportional to the absolute 
temperature, and this susceptibility is indeed found 
to have increased several hundred times over its value 
at 1°K., showing that the temperature has decreased 
by the same factor. In aU this description we have 
tacitly assumed that our paramagnetic salt has “ideal” 
properties with neglible interactions between its 
magnetic carriers. Actually it can be shown that if 
this were so the salt would cool down to the absolute 
zero, and it is the existence of slight interactions which 
limits the temperature attainable. The smaller are 
these interactions, the lower is the temperature which 
can be reached, and so careful choice of the salt is 
essential to obtain the best results. As we mentioned 
in Chapter 4 (p. 94) particularly small interaction 
effects are obtained with salts in which the magnetic 
carriers are electron spins with no contribution from 
the electron orbits, and in which the magnetic carriers 
are diluted by non-magnetic atoms or ions. It is, indeed, 
found that salts of this kind (of which potassium- 
chrome alum is an example) are the most effective, 
but the theory of the slight interactions which still 
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remain and which determine the lowest temperature 
attainable, is complicated and experiment provides 
the best ^ide in the choice of salt. 

What is the use of such super-low temperatures? 
If it were only a question of breaking records the 
method would have httle more than sporting interest, 
but actually there is considerable scientific interest 
in studying the properties of matter at such low 
temperatures, and the method is likely to be 
important in the future. It has already yielded results 
of considerable importance for understanding the 
detailed behaviour of the paramagnetic salt which is 
cooled down (see p. 102), but its interest for the future 
is more in using it to cool down other substances — 
technically a difficult problem but one that is now 
actively being attacked. There is also the possibility 
of using the low temperatures as a starting point for 
demagnetizing the magnetism due to the magnetic 
moments of atomic nuclei. This magnetism is negli- 
gible at ordinary temperatures, because nuclear mag- 
netic moments are about 2,000 times feebler than 
atomic moments, but should be sufficient at 0-001 “K. 
to start a demagnetization process reaching down to 
perhaps a millionth of a degree, limited again by the 
feeble interactions between the nuclear moments. 

6. Applications to chemistry and biology 

The chemist’s interest in magnetism is mainly 
concerned with its bearing on the structure of organic 
molecules — ^the rich variety of combinations of carbon, 
hydrogen, oxygen and other atoms which go to make 
up substances produced by living organisms. Pascal 
(not the famous philosopher, but a contemporary French 
magnetician) made an extensive study of the magnetic 
susceptibilities of organic substances and found that 
they obeyed relatively simple laws. The susceptibilities 
were usually feeble and diamagnetic and Pascal showed 
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that they could be built up by adding the susceptibilities 
of the constituent atoms, together with a constant 
which was characteristic of the kind of bonds linking 
the atoms together. The nature of these bonds is 
very important for the chemist, and the evidence about 
them revealed by Pascal’s work, and later that of 
Bhatnagar in India and others, has often proved a 
useful guide when other evidence was inconclusive. 

Another link with chemistry has been the study 
of the magnetic properties of single crystals of chemic^ 
substances (particularly organic compounds). From 
the variation of susceptibility with the direction of the 
magnetic field relative to the crystal axes, K. S. 
Krishnan has been able to deduce useful information 
about the shape of the molecules of the crystal and the 
nature of the complicated electron orbits round the 
various atoms of which the molecule is made up. 

Up to now biologists have been only rather indirectly 
concerned with magnetism. As mentioned in Chapter 1 , 
no direct effects of a magnetic field on living organism 
have yet been found ; mice and guinea-pigs kept in 
magnetic fields of tens of thousands of gauss for many 
days do not appear to be affected to any appreciable 
extent. This is not, perhaps, very surprising, for since 
organic substances of whach living bodies are built 
are only very feebly magnetic, the changes produced 
in the electronic motions within their molecules, even 
by the largest laboratory fields, are very slight indeed. 
The less direct biological interest in magnetism is 
mainly very similar to the chemical one. The magnetic 
susceptibility sometimes provides a convenient index 
to subtle chemical changes which happen in biological 
processes, and which are difficult to follow by other 
methods. 

Sometimes also, malefic techniques may be useful in 
solving special biological problems. An example of 
this was the study of the mechanism which enabled a 



MAGNETISM AS A TOOL IN SCIENCE 183 

crayfish to swim the right way up. It was suspected 
tW this mechanism was connected with the action of 
gravity on fluids in the crayfish’s semicircular canal, 
and it was possible to demonstrate this by filling the 
canal with iron filings and letting the crayfish swim 
in a strong inhomogeneous magnetic field. The 
magnetic force on the iron filings could be made stronger 
tVian the force of gravity and it was found that when 
the resultant force acted upwards the crayfish swam 
upside-down. As far as the cra^sh was concerned, 
gravity seemed to have reversed its direction and the 
crayfish reacted accordingly. 


N 



Chapter Eight 


MAGNETISM IN EVERYDAY LIFE 
1. Introduction 

W E have seen in the last chapter that magnetic 
principles and magnetic devices are very im- 
portant in the sdentihc laboratory, and we shall now 
show how they are used in many phases of everyday 
life — ^in technical and industrial applications which 
make modem civilization possible. Some of the 
most important applications have already been men- 
tioned as examples of the fundamental principles on 
which they are based. The dynamo which generates 
electric current, the electric motor driven by the force 
between a magnet and an electric current, the trans- 
former which is essential in the widespread distribution 
of electric power and the use of magnets in electrical 
measuring instruments, have all been dealt with in 
previous chapters. In this chapter we shall describe 
a few other practical uses of magnetism which are of 
general interest. Nearly all the examples we shall 
ded with are based on the strong ma^etic properties 
of iron, and they can be broadly classified into appli- 
cations which make use of the earth’s magnetic field 
and those which merely rely on the attraction of iron 
to a magnet. 

2. Detection of minerab and other buried objects 
The most important use of the earth’s magnetic 
field is the mariners’ compass, but we have said enough 
about this in Chapter 6, and here we shall describe only 
the less obvious applications — the magnetic detection 
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of minerals and buried metals, the magnetic mine and 
the measures used to counter it. 

It was mentioned in Chapter 6 that the earth’s 
magnetic field often displays local irregularities due to 
the presence of iron ores close to the surface. A careful 
survey of the earth’s field can therefore be used to 
reveal the presence of such buried ores, and has in 
fact proved very useful for prospecting. At first sight, 
it might seem that it was only for iron ore prospecting 
that such a method could be used, since other valuable 
minerals such as gold and oil are practically non- 
magnetic and their presence could hardly affect the 
ear&i’s magnetic field. They do, however, often have 
an indirect effect which can be used to locate them. 
Thus, oil is often found trapped in a kind of hollow 
bump or dome under the earth, of the kind shown in 
fig. 55, and under it there is a corresponding bump 
in the rock layer. Now this rock layer contains more 
iron than the upper layers, so the bump causes a local 
increase of the earth’s magnetic field just above tihe 
oil dome and the oil can be detected by a careful 
magnetic survey of the surface above it. Similarly 
many of the gold deposits in South Africa are associated 
with magnetic deposits, so once again their course can be 
followed by following the field irregularities caused 
by the iron. The modern method of survey is from an 
aeroplane towing what the Americans call a “ doodle- 
bug ” containing suitable apparatus connected to the 
recording apparatus in the aircraft. In this way large 
areas can be covered much more rapidly than by the 
older method of surveying on the ground. This, 
principle of “ doodle-bugging ” was used considerably 
during the war for locating submarines instead of oil : 
a submarine is built largely of iron and so it, too, 
causes a local irregularity of magnetic field around it, 
suflScient to be detected by an aeroplane flying low 
over the sea. 
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Another war-time use of the same principle was the 
detection of buried land mines, and the location of 
unexploded bombs, so that they could be dug out as 
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quickly as possible and rendered harmless. Here 
the amoimt of iron is much smaller than that in a 
submarine, but the depth below the surface is much 
smaller. If a suitable apparatus which responds to 
slight changes of ma^etic field is carried over the 
mihe or bomb it will respond to the slight field 
irregularity caused by the object and thus reveal 
its location. The apparatus has to have great sen- 
sitivity, since the iron object is only feebly magnetized 
by the earth’s field and the extra field produced by 
this magnetization falls olf as the cube of the 
distance. In practice, it is difficult to detect an iron 
object at a distance of more than three or four timpis 
the size of the object ; thus a landmine, or a small 
bomb, cannot easily be detected more than a few feet 
away. 

It will be noticed that this kind of method depends 
entirely on the object being made of a ferromagnetic 
material, and an alternative method was developed 
which would detect any metal object, even if it is not 
iron. This was based on the eddy currents induced 
in any mass of metal (even if it is non-magnetic) by 
an alternating magnetic field. The magnetic field of 
the eddy currents reacts back on the source of the 
alternating field — usually a large loop of metal tube, 
fed with alternating current of fairly high frequency — 
and this reaction, after passing through various circuits, 
shows itself either by a change in a buzzing note or 
by a lamp lighting up. This alternative method has in 
principle rather a shorter range, since the strength of 
the induced eddy currents decreases roughly as the 
cube of the distance away from the loop, and the effect 
of the eddy currents at the loop again decreases as 
the cube of the distance, so that in all, the effect falls 
off something like the sixth power of the distance. 
In practice a land mine cannot be detected at much 
more than two feet in this way, but the eddy current 
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method has the great practical advantage that it does 
not depend on the earth’s magnetic field and so is not 
subject to certain difficulties associated with the other 
metihiod. 

We have talked rather vaguely of detecting irregu- 
larities of the earth’s magnet field by suitable instruments 
and we ndust now say a little about the instruments 
that are used. In principle an ordinary compass 
needle would show up such irregularities, but in 
practice it is usually too insensitive, unless it is made 
very complicated. Usually electrical methods are used, 
and often of a very indirect kind ; we shall describe 
only one of these methods which provides an interesting 
illustration of several different magnetic principles. 

Certain alloys of iron and nickel have very striking 
magnetic properties ; we have already mentioned in 
Chapter 5 permalloy, with its enormous initial 
permeability, and another one is mu-metal, which also 
has very high permeability, but a permeability that 
varies strongly in small magnetic fields. If, then, a 
mu-metal wire is placed in ffie earth’s magnetic field, 
its permeability will depend on the strength of the 
field and small changes of the field will cause con- 
siderable changes of permeability. When alternating 
current is passed through the wire it tends to flow 
more on the surface of the wire tiban in die interior, 
and the extent of this skin effect, as it is called, depends 
strongly on the permeability. This skin effect in turn 
determines the resistance of the wire to the alternating 
current, and so, finally, measurement of this resistance 
provides a measure of the magnetic field. Usually 
two such wires are used together, placed some distance 
ap^ ; when the magnetic field is uniform, their 
resist^ces are equal, but when the pair passes through 
a region of irregularity, the fields are no longer exactly 
equal and the balance is disturbed. The method is 
extremely sensitive, as indeed it must be to be useful. 
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and differences of field between the pair of wires of 
as small as a millionth of a gauss can be detected. 

3. The magnetic mine and its antidote 

The magnetic mine, which was such a serious menace 
to our shipping in the war, is another example of a 
device working on disturbances of the earth’s magnetic 
field. Basically, the original model consisted of a 
dehcately pivoted dip needle, which, if it turned 
appreciably from its normal position, closed an 
electrical contact which detonated the mine. Various 
complicated automatic devices were incorporated to 
render the mechanism inactive until it had come into 
position on the sea bed close to where ships were 
expected to pass. A ship, since it is mostly made of 
iron, is magneti 2 Bd by the earth’s field, and if it passed 
near enough to the mine it sufficiently changed the 
earth’s field direction to turn the dip needle and set 
off the mine. 

To counter this weapon, our scientists worked out 
two main antidotes. One of them was to destroy the 
mines as soon as possible after they were laid, and the 
most effective way of doing this was to fly low over the 
suspected area in an aeroplane fitted with a huge loop 
of wire carrying a very large electric current. The 
magnetic effect of this loop acted in the same way as 
a ship, and blew up the mine, but as the aeroplane was 
well above the water and flying fast, it was safe from 
the explosion. The other antidote has the rather 
ugly name degaussing. It consists in protecting the 
ship by winding wire cables round the ship. If just 
the right amount of electric current is passed through 
each such coil (the currents required run into hundr^s 
of amperes) the magnetic effect of the currents can 
be made approximately to neutralize the magnetization 
of the ship due to the earth’s field. The slup is then 
said to be “ degaussed ” and no longer upsets the 
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earth’s field near it— it caa ten pass safely oyer a 
magnetic mine without exploding it. 

4. The power of a magnet to attract iron 

The attraction of a magnet for pieces of iron is one 
of the most familar manifestations of magnetism, 
and has many practical applications. It is instructive 
to estimate the size of tese forces of attraction. 
Without such an estimate we might be tempted to 
believe in all sorts of fantastic applications, such as 
the famous method suggested for catching lions in 
the desert by feeding them with spinach (which contains 
iron) and ten switching on a powerful magnet. 

Any magnet has effectively two poles, and at a 
distance r, which is fairly large compared to the distance 
between its poles, the field it exerts is roughly Af/r®, if 
M is the equivalent dipole strength of the magnet (pole 
strength x distance between poles). If a piece of iron 
is placed in this field it becomes magnetized to an 
extent depending mainly on its shape (p. 71), and if 
we suppose it to be a sphere, ten its induced magnetic 
moment is 3/4 times its volume times the field ; thus 

M 3 

Moment of sphere = fz V 

The inhoniogeneity of the magnet’s field (the rate at 
which it falls off as r increases) is given by 3Mjr\ so 
the force of attraction between sphere and magnet, 
which is given by inhomogeneity times moment of 
sphere (see p. 65), is 

Force = 9MWj4rrr’’ 

This result (which of course is only true if /• is large 
enough) shows that the force falls off very rapidly with 
distance, so, returning to our lion-catching problem 
for a moment, it is unlikely that any lions will be caught 
unless they come very close to the magnet, and even 
then they would have to eat a lot more iron than is 
contained in a reasonable dose of spinach. 
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In order to put our result into more numerical terms, 
we now work out how small r has to be before the 
sphere of our problem is lifted up by the magnet. 
To do this, the force of the magnet must just overcome 
the force of gravity, which is Vpg (where p is the density 
of the sphere, and g the acceleration of gravity). So 
we have the equation 

r’’ = 9M^IA^pg 

to determine r. Notice that the size of the sphere 
does not enter into the answer, though of course the 
sphere must not be too big, or else our assumptions 
go wrong. We can make a very rough estimate of M 
by supposing the gap of the magnet to be a cubical 
space of side a, then M will be equal to the intensity 
of magnetization of the magnet times the volume of 
the gap, which is a^. If our magnet is a modem 
permanent magnet, its magnetization will be a^bout 
500, and putting p = 8 gm./cc., g = 1,000 cm./sec. 
(these figures are rough, but good enough for the pur- 
pose), we find 

4i 7^X '8x1,000 




which gives very roughly r=l-5 a. 

Quite apart from the approximations in the cal- 
culation, the answer can only be very roughly true 
because it shows that r is only slightly bigger than a, 
the pole piece gap, while our basic assumptions require 
that r should be many times a. However, even so, 
the answer will be accurate enough to give an idea of 
the size of r, the distance at which a magnet will 
attract a piece of iron sufficiently to lift it. Once the 
magnet is brought closer than this, the force gets 
rapidly bigger and the piece of iron jumps into contact 
with the magnet, so we can call this critical distance 
the “jumping distance.” The important feature of 
the result is that this jumping distance is not very much 
bigger than the size of the magnet gap, so that a piece 
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of iron (and notice again that the size of the iron 
does not come into the answer provided the piece of 
iron is reasonably small) can only be lifted up from 
very close to. 

After making this estimate of the jumping distance, 
I thought it might be of interest to check it by a simple 
experiment. Using one of the powerful little horse-shoe 
magnets given away by magnet manufacturers (see p. 129 
and plate Vte) I measured the distance at which it would 
just make its keeper jump from the table. The result of 
the experiment is shown in fig. 56a : the keeper jumps 
when it is about 2 cm. from the magnet. Now the 
magnet gap (the “ a ” of the calculation) is about 1 -8 
cm. (reckoning between the centres of the pole faces). 



Fig. 56. — ^Weight-lifting properties of a 
permanent magnet. 

(a) At about the position shown, the keeper 
will jump and stick to the magnet ; 

(b) Once the keeper has stuck to the 
magnet, about 4 lb. weight is needed 
to pull it off again. 
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SO the calculation predicts a jumping distance of 1 -5 
X 1-8 or 2-7 cm., which, considering all the approxi- 
mations and the fact that the keeper is not a sphere, 
is good agreement with the experiment. 

The jumping distance is only one feature of the 
attraction problem ; we want to know also how big 
the attractive force is once the iron object has jumped 
and stuck to the magnet poles. If, for instance, Ae 
keeper of the horse-shoe magnet is stuck in position 
(fig. 56b) how big a weight can it support? Here agmn 
a rough estimate is possible. The force of attraction 
is now spread evenly over the whole of the pole face 
area and calculation shows that it is given by 
Force = IttP x area of pole faces 
if I is the intensity of magnetization. Putting 7=500 
as before, and 1-8 sq. cm. for the area, this gives a 
force of 2-7 million dynes, or in more familiar terms 
about 5 lb. weight. Actually, as illustrated in the 
diagram, experiment showed that the magnet would 
hold only about 4 lb. weight : probably 500 is an 
over-estimate for I, the magnet having become a little 
weaker since I first had it, because of the frequent 
slight demagnetizations it has undergone. 

The important point of the calculation is that it 
shows that the weight lifting power of a magnet is 
determined mostly by the area of its poles, and to lift 
large weights correspondingly large magnets are re- 
quired. Some increase can be obtained by using an 
electromagnet with a soft iron core, for if the current 
is big enough to saturate the iron core we can get 
7=1,600 rather than the 500 of a permanent magnet, 
and this increases the weight-Ufting power about ten 
times per unit area of the pole faces. 

5. Miscellaneous applications of the attraction of iron 

to a magnet • • i 

One rather obvious application of these principles 
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is for sorting out iron from other materials in a scrap 
neap. The poles of a large electromagnet are pushed 
into the scrap heap and when the whole magnet is 
lift^ with the current on, it carries with it as much iron 
as it can Uft. To lift a ton at a time, our calculation 
shows that the magnet must be quite large, with poles 
about five inches in diameter. Such an electromagnet 
woifid weigh something like a hundred pounds itself. 
A similar method is often used in sorting minerals to 
separate out the iron-bearing ores from the others 
Here the forces may be much smaller than in the case 
of iron metal, since iron ores are usually much less 
magnetic, but by suitable design this method of 
separation can be made to work. A special kind of 
magnet is sometoes used for removing grit from the 
eye, since the grit that gets into the eye is often largely 
iron dust; a magnet designed for this purpose is 
provided with a pointed pole piece whose very in- 
homogeneous field produces as large a force as possible. 

Ano^er important appUcation is the magnetic 
relay which is at the basis of most automatic and remote 
control systems. There is a great variety of types of 
magnetic relay but all depend on the principle that 
when an electric current is passed through the coil 
ot an electromagnet, a piece of iron is pulled to the 
pole agamst the force of a spring which otherwise 
^Ids It away. When the iron moves, it closes an elec- 
. cal con^t which switches on current in another 
circuit, -me current used to work the relay is usually 
much smaller than the current which the relay contact 
TOntrols, so the relay is useful where heavy currents 
have to be easily controlled. A typical example is in 
Ae running of a lift. When the button is pressed for 
a ^ticular fioor only a small current is started in a 
particifiarcircmt, but this, by means of the relay, operates 
a much larger svwtch which starts the lift motor, and 
at the same time by way of another relay arranges that 
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lift motor will be switched off again when the 
oesired floor is reached. Without the relays, these 
larger switches would have to be placed in the 
iitt instead of the much more convenient and safer 
push buttons. 

The automatic telephone system is another example 
<51 the use of relays. When you dial a number, a 
current is interrupted a number of times, and each 
interruption makes a special kind of relay move from 
®ne contact to the next, in a complicated m aze of 
contacts called a selector switch, until finally (if you 
are lucky) the contacts are arranged so that your line 
IS connected to the telephone line you want. Of course, 
there is a lot more to it than this, for the system must 
also arrange to give the various “ dialling,” “ ringing ” 
nnd. “ engaged ” notes, and it must ensure that different 
people diafling at the same time do not interfere with 
each other. To deal with aU these points, not only 
is there an immense number of selector switches, but 
also many other relays of special types which are 
“ interlocked ” in various ingenious ways so that 
everything goes forward in a definite order. The 
simplest type of telephone relay is illustrated in plate 
Vllhf ; when current flows in the coil, the iron plate 
at the right-hand side is attracted and closes the 
contacts visible at the top of the relay. 

The action of the telephone itself also depends 
(though in quite a different way) on the attraction of an 
electromagnet for a piece of iron. Sound consists 
of rather rapid oscillations of air pressure, the pitch 
being deter mine d by the frequency of these osciUations 
(this varies from 10 or 20 cycles per second for very 
low notes up to several thousands for very high notes). 
"When you speak into the telephone microphone, these 
pressure oscillations are translated into oscillations of 
an electric current flowing in the circuit between your 
microphone and the receiver of the distant telephone. 
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This alternating current passes through an electro- 
magnet in the receiver to which an iron disc is lightly 
held. As the current oscillates in a manner controlled 
by your voice, so the attraction of the disc to the 
electromagnet also varies, and this makes it vibrate 
in the same way as the air close to your mouth vibrates. 
The vibrations of the disc set up pressure oscillations 
in the air round it, and these are heard as the sound of 
your voice in the receiver. 

The same kind of principle is used in a slightly 
different way in the moving-coil loudspeaker of modem 
wireless receivers. Here the alternating currents (agmn 
reproducing the oscillations of the original sound which 
reached the microphone at the transmitter end) pass 
into a light coil winch is attached to a paper or parch- 
ment cone. This coil is in the field of a compact 
permanent magnet and a force acts on it depending 
on the current in the coil. Thus, as the current oscillates, 
the paper cone vibrates at the same frequency, and by 
the pressure variations it creates in the air round it, 
produces sufficient sound to fill the room. 

The last application of the same principle we shall 
mention is the detection of flaws in iron castings. 
This is an important problem for steel-makers, since 
often a small crack or flaw inside the casting (and 
therefore invisible) may make it useless or unsafe. 
If the casting is ma^etized, the flaw causes an irregu- 
larity in the magnetic flux through the casting, and thus 
can be revealed as a field irregularity at the surface. 
If the flaw is bad enough, the irregularity of field can 
be revealed simply by sprinkling iron filings over the 
smface, and will show up as an irregularity in the 
otherwise regular arrangement of the filings. We 
can say, in fact, that the attraction of the magnetized 
casting for the iron filings on its surface is modified 
near a bad flaw and the flaw is thus revealed, just as the 
Bitter patterns revealed the domain structure of a 
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ferromagnetic (Chapter 5). For less serious defects, 
more delicate investigation of the surface is necessary 
and a whole science of “ defectology,” as it is some- 
times called, has grown up in recent years. 

6. Eddy current heating — the modern furnace 

The eddy currents induced in any mass of metal 
by an alternating field are sometimes a nuisance — ^as 
in transformer cores (Chapter 5) — but as is often the 
case in science, what is a nuisance in one application 
can be turned to advantage in another. We have 
already mentioned a metal detector based on eddy 
currents, and we now come to our last example of the 
role of magnetism in technology, the use of eddy 
currents for heating. 

Imagine a piece of metal placed in a coil through 
which alternating current is passing. The changing 
magnetic field of the current induces electromotive 
forces round every closed path in the metal (by 
Faraday’s law) and these E.M.F.S drive the so-called 
eddy currents. Since the metal has electrical resistance, 
the eddy currents heat it, the power being drawn from 
the source which provides the alternating current in 
the coil. A calculation based on Maxwell’s electro- 
magnetic equations (Chapter 2) shows that the heating 
effect per unit volume increases as the square of the 
strength of the alternating field, as the square of the 
frequency and the square of the size of the metal. 
Thus, in order to make the heating effect as large as 
possible, powerful sources of high frequency currents 
are required and the metal must be large (but not too 
large or else the theory is modified, and the heating 
no longer increases with size). In this way the 
temperature can be raised very high and an interesting 
feature is that as the temperature rises, the heating 
effect increases still further owing to the fact that the 
electrical resistance rises with temperature. 
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This principle finds many applications in modem 
technology. It provides a very convenient way of 
melting metals and has the advantage that since 
the heat is developed only in the metal itself, the 
surrounding vessel remains fairly cool, if it is made of 
an electrical insulator. In the preparation of alloys 
of two or more difierent metals, it has a further advan- 
tage, since when the metals melt the mechanical force 
of the alternating magnetic field acting on the eddy 
currents it produces, is able to stir up the liquid metal 
and mix up the alloy much more thoroughly than 
any other method. 

Eddy current heating is used also in the manufacture 
of valves. It is essential to leave a very high vacuum 
in a radio valve, and, unless the various metal parts 
within the glass envelope are very thoroughly heated 
before the glass is “ sealed off,” traces of occluded 
gas wiU slowly come out of the metal in the course of 
time, and thus ruin the vacuum and make the valve 
useless. This heating is very conveniently done by the 
eddy current method, and indeed it could hardly be 
done without it. Just before the valve is sealed off 
from the vacuum pumps, it is surrounded by a small 
cofi through which a large hi^ frequency current is 
passed. The eddy currents induced in the metal 
parts flash them up to white heat and all traces of gas 
are rapidly driven off, without the glass envelope be- 
coming appreciably hot. 
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Ammeter 
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Ampere’s law 
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Angular 
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momentum 


Is obtained by adding 273 to 
ordinary Centigrade tem- 
perature. 

A process in which a salt is 
thermally isolated and removed 
from a magnetic field, thus 
cooling the salt to super-low 
temperatures. 

Emitted by certain radio-active 
substances ; they are the nuclei 
of heliumatoms, and four times 
as heavy as protons. 

Electric current which changes its 
direction of flow periodically, 
many times a second. 

An instrument for measuring 
electric currents. 

The practical unit of electric 
current. 

States that the magnetic effect of 
an electric current is the same 
as that of an equivalent mag- 
netic shell. 

The maximum size of a quantity 
which is varying harmonically ; 
for instance, the peak value of 
an alternating current. 

Is obtained by multiplying the 
mass of a rotating particle by 
its velocitjr and the radius of 
the circle in which it rotates. 
For a solid body, rotating about 
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Bitter patterns . . 109 
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a fixed axis, the angular 
momentum is the sum of the 
angular momenta of the par- 
ticles of which the body is 
made. For a sphere, for in- 
stance, this works out as f its 
mass times the square of its 
radius times its angular velocity. 

•Rate of change of an^e. 

The number of an element if ^1 
the elements are arrang^ in 
order of their atomic wei^ts. 
It is also the number of elec- 
trons in the atom. 

The ratio of the weight of an atom 
to that of a hydrogen atom. 

Very fast moving electrons emitted 
by certain radio-active sub- 
stances. 

A machine for accelerating elec- 
trons to very high speeds. 

Patterns obtained by sprinkling 
fine ferromagnetic powder on 
the surface of a ferromagnetic, 
thus revealing the domain 
structure. 

The fundamental unit of magnetic 
moment. It is the magnetic 
moment of an electron rotating 
in the simplest quantum orbit 
of an atom and has a value 
e%l2m = 9 X 10“*^. 

Is fundamental in statistical mech- 
anics ; it measures the violence 
of thermal agitation. Its value 
is fc=l •38x10“^® ergs/degree, 
and k X Absolute temperature 
measures the energy of thermal 
agitation. 
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Cathode rays . . 166 
Coercive force . . 57 

Corkscrew rule . . 28 

Cosmic rays . . 169 
Coulomb’s law . . 13 


Couple . . . . 15 


Critical field of a 105 
superconductor 


Crystal .. 76,111 


Curie’s law . . 59 


A stream of electrons produced 
in an evacuated tube subjected 
to high potential. 

The reverse magnetic field re- 
quired to demagnetize a per- 
manent magnet which has pre- 
viously been magnetized to 
saturation. 

States that the direction of a 
magnetic field is related to the 
sense of thecurrent producing it 
in the same way as the direction 
of progression of a corkscrew 
is related to the sense of turning 
it. 

Very high energy radiation reach- 
ing the earth from outer space. 

States that the force between two 
poles is inversely proportional 
to the square of the distance 
between them. 

A pair of equal and opposite 
forces acting along parallel 
lines. A couple has a twisting 
action measured by one of the 
forces times the distance be- 
tween the two. 

The maximum magnetic field in 
which superconductivity can 
exist. For higher fields normal 
conductivity is restored. 

A piece of solid matter in which 
the atoms or molecules are 
arranged in a regular lattice 
framework. The directions of 
the axes of the lattice frame-, 
work stay the same all through 
a single crystal or crystal grain. 

States that the susceptibility of an 
ideal paramagnetic substance 
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Curie point 
Curie-Weiss law . 

Current element 
Cycle 

Cyclotron. . 

Declination 

Degaussing 

Demagnetizing 

field 

Deuteron . . 

Diamagnetic 
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varies inversely as the absolute 
temperature. 

60 The temperature above which 
ferromagnetism disappears. 

. 60 States that the susceptibility of a 

ferromagnetic substance above 
its Curie point is inversely 
proportional to the amount its 
temperature is above the Curie 
point. 

. . 31 A very small piece of a circuit in 

which an electric current flows. 

40 The variation from one peak to 
the next in A.C. 

. . 172 A machine for accelerating atomic 
particles to very high energies, 
for the purpose of smashing 
other atomic nuclei. 

. . 140 The angle between the direction 
in which a compass sets and 
the true north. Sometimes 
called variation. 

.. 189 Making a ship safe against 
magnetic mines by winding 
coils round the ship and passing 
enough current through the 
coils to neutralize the ship’s 
magnetism. 

69, 70 The field produced within a body 
by its own magnetization. TWs 
field opposes the field producing 
the magnetization. 

. . 174 The nucleus of a heavy hydrogen 
atom (heavy hydrogen is the 
isotope of hydrogen with 
atomic wei^t 2). 

. . 54 A substance which becomes mag- 

netized in a direction opposite 



GLOSSARY — INDEX 


205 


to the ma^etizing field. It tries 
to move into the weakest part 
of a magnetic field. 

Dip angle.. .. 139 The angle between the direction 

of the earth’s magnetic field 
and the horizontal. 


Dip circle. . 

.. 139 

Dipole 

.. 22 

Direct current (D.C.) 40 

Displacement 

current 

.. 41 

Domain . . 

.. 99 

Dynamo . . 

.. 39 

Dyne 

.. 13 


Easy directions of 113 
magnetization 


A ma^etized needle pivoted on a 
horizontal axis. If set with its 
plane of rotation in the mag- 
netic meridian it sets along the 
earth’s magnetic field and so 
measures the dip angle. 

The limiting case of a short 
magnet, when the magnet is 
made shorter and shorter, and 
the poles stronger and stronger 
so that the magnetic moment 
does not get smaller. 

Current which flows continuously 
in the same direction. 

A special kind of current associated 
with changing electric fields. 

A re^on of a ferromagnetic in 
which the spontaneous mag- 
netization has a constant 
direction. 

A machine which generates elec- 
tricity by the motion of wire 
circuits in magnetic fields. 

The unit of force in the metric 
system. It is the force which 
would accelerate 1 gram with 
an acceleration of I cm. per 
sec per sec, and is approxi- 
mately equal to the weight of 1 
milligram (0 001 gm.). 

Particular directions in a ferro- 
magnetic material along which 
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Eddy 105, 124, 197 
currents 


Electromagnet . . 157 

Electromagnetic 38 

induction 

Electromagnetic 43 

units 

Electromotive force 38 
(E.M.F.) 


Electron 77, 167 


Electron spin . . 87 


Electrostatic units 43 


the magnetization can occur 
naturally. These directions are 
either particular axes in a single 
crystal or are determined by 
the mechanical stresses.. 

The currents induced in a mass of 
metal by a changing magnetic 
field. They are sometimes used 
for heating purposes. 

A device for producing a magnetic 
field by means of an electric 
current. 

The production of an electro- 
motive force by a changing 
ma^etic field. This electro- 
motive force can drive a current 
in a closed circuit. 

The system of units based on 
measuring electric currents by 
their magnetic effects. 

Measures electric pressure, or the 
tendency to produce electric 
current. Sometimes called 
potential difference. 

A minute particle which carries a 
negative electric charge. This 
charge is believed to be the 
smallest quantity of electricity 
which can exist. Electrons are 
an important constituent of 
atoms. 

An electron is believed to behave 
like a spinning top. With this 
spinning motion both angular 
momentum and a magnetic 
moment are associated. 

The system of units based on the 
electrostatic measurement of 
electric charge (by the force 
between charges). 
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Element . . . . 74 One of the 94 chemical species of 

which all matter is made. 

Erg .. .. 81 The unit of energy in the C.G.S. 

system. It is the work done 
when a force of 1 dyne causes 
a displacement of 1 cm. 

Faraday’s law of 38 States that theE.M.F. induced in a 
induction circuit is equal to the rate of 

decrease of the magnetic flux 
through the circuit. (See Elec- 
tromagnetic induction.) 

Ferromagnetic 8,54 A substance which is,very strongly 

magnetizable and becomes sat- 
urated in comparatively low 
magnetic fields. 

Field, magnetic . . 14 Is measured by the force acting 

on a unit magnetic pole. 

Flux, magnetic . . 38 The flux through a circuit is the 

strength of the field (perpen- 
dicular to the circuit) multiplied 
by the area of the circuit. 

Frequency .. 40 The frequency of an alternating 

current is the number of com- 
plete cycles of change it 
performs per second. 

Frequency mod- 163,175 Another name for a synchro- 
ulated cyclotron cyclotron (q.v.). 

Galvanometer .. 35 A sensitive form of ammeter. 

Gauss .. .. 15 The unit of magnetic field ; it is a 

field that acts with unit force 
(1 dyne) on a unit pole. 

Grain, crystal . . Ill See crystal. 

Gyromagnetic 91 The slight tendency of a body to 
elBfect twist when it is magnetized ; 

first discovered by Einstein and 
de Haas. 

Hard material . . 57 A ferromagnetic which requires a 

large field to saturate it and 
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which has a broad hysteresis 
loop and hi^ coercive force. 
Suitable for permanent 
magnets. 

Hysteresis .. 57 The tendency of the magnet- 

ization curve to follow a 
different path when the field is 
reduced, from that which it 
followed when the field was 
first increased. If the field is 
varied throng a complete 
cycle of change, the ma^eti- 
zation traces out a closed curve 
called a hysteresis cycle. 

Ideal paramagnetic 100 A paramagnetic which obeys 

Curie’s law to very low tem- 
peratures. 

Induced 7 The magnetism produced in a 

Tna gnp-tism substance by an applied mag- 

netic field, in contrast to 
permanent magnetism which is 
retained even without any ap- 
plied field. 

Induction, magnetic 52 The magnetic field within a 

ma^etic material measured in 
a thin disc-shaped cavity which 
has its plane perpendicular to 
the field direction. 

Inhomogeneity of 65 The rate of change of field with 
field position. 

Intensity of 24 See magnetization, 

magnetization 

Inverse square law 13 Another name for Cotilomb’s 

law (q.v.). 

Ion . . 93, 1 68 An atom which has lost or gained 

one or more electrons and thus 
acquired positive or negative 
charge. This process is called 
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Ionization 

147 

Isogonic lines 

140 

Isotopes . . 

167 

Keeper . . 

129 

Langevin’s theory 

78 

Lines of force . . 

16 

Lodestone 

5 

Magnetic equator 

137 

Magnetic field . . 

14 

Magnetic flux 

38 

Magnetic induction 

52 

Magnetic latitude 

136 

Magnetic longitude 139 

Magnetic meridian 

139 

Magnetic moment 

22 
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ionization and takes place for 
instance under the influence of 
ultra violet light. 

See Ion. 

Lines joining points on the earth 
which have equal declination. 

Variants of the same kind of 
chemical species, which differ 
only in their atomic weight, but 
have the same atomic number. 

A soft iron bar used to close the 
gap of a permanent magnet. 

The first theory of para- and 
diamagnetism in terms of the 
properties of single atoms. 

Lines which everywhere show the 
direction of magnetic field. 
They provide a kind of map of 
the field. 

The first permanent magnet mat- 
erial to be discovered ; it is a 
naturally occurring form of 
magnetite. 

The great circle of the earth 
equidistant from the magnetic 
poles. 

See field, magnetic. 

See flux, magnetic. 

See induction, magnetic. 

Latitude measured from the mag- 
netic equator. 

See Magnetic meridian. 

The vertical plane pointing to- 
wards the magnetic north pole ; 
it contains a line of magnetic 
longitude. 

The pole strength of a magnetized 
body multiplied by the distance 
between the poles. 
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Magnetic (or j8-ray) 169 
spectrograph. 

Magnetic pole . . 12 

Magnetic shell . . 25 


Magnetic storm . . 148 

Magnetic 53 

susceptibility 
Magnetization 24, 55 

Magnetostatics . . 7 

Magnetostriction 117 
Magnetron . . 176 
Mass spectrograph 167 
Meson . . . . 171 

Molecule . . . . 75 

Molecular field . . 96 

Molecular wei^t 75 


An instrument for analysing the 
distribution of velocities of 
jS-rays. 

See pole, magnetic. 

A sheet which is ma^etized in a 
direction perpendicular to its 
surface. The magnetic moment 
per Tinit area of the shell is 
called the strength of the shell. 

A relatively large irregular dis- 
turbance of the earth’s mag- 
netic field. 

See susceptibility, magnetic. 

The magnetic moment per unit 
volume of the substance. If the 
magnetization is plotted against 
the field producing it, we get a 
magnetization curve. 

The study of the fields due to 
permanent magnets. 

The small change of length of a 
body when it is magnetized. 

A device for producing very short 
wireless waves. 

An instraraent for measuring the 
atomic masses of isotopes. 

A particle about 200 times heavier 
than the electron ; found in 
cosmic rays. 

A combination of two or more 
atoms. 

A field proportional to the mag- 
netization, introduced in Weiss’ 
theory of ffcrromagnetism. 

The ratio of the weight of a 
molecule to that of a hydrogen 
atom. 
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Monatomic gas . . 92 A gas whose particles are single 

atoms, not combined to form 
molecules. 

Mu-metal .. 188 An alloy whose high permeability 

is sensitive to the value of &e 
magnetic field. 

Nucleus . . . . 77 The positively charged core of an 

atom. It carries nearly all the 
weight of the atom but is much 
smaller in size than the atom 
(about 10“^® cm. compared 
with about 10-® cm.). 

Parallelogram of 19 A geometrical construction for 
forces calculating the resultant of two 

forces (or any two vectors) 
which act in diferent directions 
(see also vectorial addition). 

Paramagnetic . . 53 A substance which is magnetized 

in the same direction as the 
magnetizing field. It tries to 
move into the strongest part of 
a magnetic field. Although 
these remarks apply also to 
ferromagnetics, the term para- 
magnetic is usually reserved for 
fairly weakly magnetic para- 
ma^etics. 

Paramagnetic, ideal 100 See ideal paramagnetic. 

Permalloy .. 126 A high permeability alloy of nickel 

and iron suitable for use in small 
transformers. 

Permeability . . 53 The ratio of magnetic induction 

to magnetic field. 

Photoelectric effect 166 The emission of electrons under 

the influence of light. 

Pole, magnetic 12 The magnetic poles of a long thin 

magnet are the two end points 
from which the magnetic action 
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of the magnet seems to come. 
For any other shape of body 
the poles are smeared over the 
whole surface. 


Pole piece . . 

157, 162 

The termination of the core of an 
electromagnet or permanent 
magnet. 

Polycrystalline 

material 

112 

Material which is made up of 
many single crystal grams 
oriented at random. 

Positron . . 

.. 171 

A particle of mass equal to that of 
the electron, but positively 
instead of negatively charged. 

Proton 

.. 164 

The nucleus of a hydrogen atom. 

Quantum . . 

.. 85 

The basic imit of angular momen- 
tum ; it is denoted by H. 

Radio fade-out 

.. 152 

A disturbance of radio trans- 


mission caused by changes in 
the ionized layers of the upper 
atmosphere. Such changes are 
associated also with distur- 
bances of the earth’s magnetic 
field. 

Relay, magnetic . . 194 A device by which a small current 

is able to control a remote 
switch which makes and breaks 
a larger current. Much used in 
the telephone service. 

Remanence . . 57 The magnetization retained by a 

ferromagnetic when a field 
sufficient to saturate it has been 
applied and removed. The 
ferroniagnetic should be in a 
form which eliminates de- 
magnetizing effects (e.g. a long 
thin rod) or the retained mag- 
netization win be less than the 
true remanence. 
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Resultant . . . . 19 The sin^e force which represents 

the combined effect of two 
forces acting in different dir- 
ections. Tms resultant force 
can be calculated by means of 
the parallelogram of forces 
• (q.v.). 


Saturation 55, 97, 102 The state in which further increase 

of magnetizing field causes no 
increase of magnetization. The 
term saturation is often used as 
an abbreviation for the mag- 
netization at saturation. 


Secular variations 146 


Self-inductance . . 38 

Shell, magnetic . . 25 

Skin effect . . 188 

Soft material . . 57 

Solenoid . . 30 


Changes in the characteristics of 
the earth’s magnetic field which 
take place gradually (over many 
years), in contrast to more 
rapid changes which either have 
a regular periodicity or are 
completely irregular. 

A property of a coil which has the 
effect of increasing its resistance 
to alternating current. 

See magnetic shell. 

The tendency of a high frequency 
electric current to be con- 
centrated on the outer surface 
of the wire in which it flows. 

A ferromagnetic which requires a 
small field to saturate it and 
which has a narrow hysteiesis 
loop and low coercive force. 
Suitable for transformer lam- 
inations. 

A long coil of wire, which pro- 
duces a uniform magnetic field 
inside its central portion, when 
current flows in the coil. 
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Spectroscope .. 153 
Spectrum . . 87, 153 

Spin, electron . . 87 

Statistical 80 

mechanics 

Sun-spot activity . . 149 


Superconductivity 105 


Susceptibility, 53 
magnetic 


Synchro- 163, 175 
cyclotron 


Thermionic effect 166 


A device for producing a spec- 
trum. 

A distribution of light in which 
the various wavelengths (i.e. 
colours) present are spread out 
and appear separated from each 
other. 

See Electron spin. 

The study of the behaviour of 
large assemblies of particles in 
thermal equilibrium. 

The extent to which the surface 
of the sim is covered by sun- 
spots. Quantitatively it is 
measured by assigning a sun- 
spot number. 

The property of some metals to 
lose all their electrical resis- 
tance at very low temperatures. 
In the superconducting state 
such metals do not allow a 
magnetic field to enter and so 
are strongly diamagnetic. 

The ratio of magnetization to 
magnetizing field is called the 
volume magnetic susceptibility. 
Divided by the density it 
becomes the mass susceptibil- 
ity, and divided by the number 
of atoms or molecules in unit 
volume, it becomes the atomic 
or molecular susceptibility. 

A cyclotron in which particularly 
high energies are achieved by 
synchronously modulating the 
frequency of the alternating 
field. 

The emission of electrons from 
hot metals. 
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Transformer . . 123 A device consisting of a primary 

and a secondary coil, such that 
a low alternating voltage across 
the primary coil becomes trans- 
formed into a high alternating 
voltage across Ae secondary 
coil. 

True north . . 140 The geographical north direction, 

pointing towards the geo- 
graphical north pole of the 
earth, where the axis of the 
earth’s rotation meets the 
earth’s surface. 


Uniform field . . 20 


Variation . . . . 140 

Vectorial addition 19 


Velocity spectrum 169 


Volt . . 14, 44 

Wavelength ' . . 45 


A field which does not vary in 
magnitude or direction. Any 
field can be considered as 
rmiform over a sufficiently 
limited region. 

See Declination. 

The method of adding two forces 
or other vectors (quantities 
which have direction as well as 
magnitude) not in the same 
direction, by means of the 
parallelogram of forces (q.v.). 

A spectrum in which a mixture of 
particles of various velocities is 
spread out according to velo- 
city. For instance a ^-ray 
spectrograph produces a ve- 
locity spectrum of j8-rays. 

The practical unit of electric 
potential or E.M.F. 

The distance between neighbour- 
ing crests of a wave. Yellow 
li^t has a wavelength 6x 10"® 
cm., but wireless waves are 
hundreds of metres long. 
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Weiss’ theory of 
ferromagnetism 


Wilson cloud 
chamber 

Zeeman effect 


96 The theory that ferromagnetism 
is due to the existence of 
spontaneously magnetized 
domains. These domains are 
believed to be magnetized by 
the strong interaction forces 
between the elementary mag- 
nets of the material. In Weiss’ 
theory this interaction is rep- 
resented by a molecular field 
(q.v.) proportional to the mag- 
netization. 

169 A device by which the tracks of 
fast-moving charged particles 
(such as ions and electrons) are 
made visible. 

153 The effect of a magnetic field in 
changing the wavelen^ of 
light. A spectral line originally 
of a single wavelength splits 
into several lines of sli^tly 
different wavelengths when the 
source of light is in a magnetic 
field. 



